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Preface 


"Capturing the Powerful and Exciting Subject of Organic Chemistry" 


We want our students to learn organic chemistry as well and as easily as possible. We also 
want students to enjoy this exciting subject and to learn about the relevance of organic 
chemistry to their lives. At the same time, we want to help students develop the skills of 
critical thinking, problem solving, and analysis that are so important in today's world, no 
matter what career paths they choose. The richness of organic chemistry lends itself to 
solutions for our time, from the fields of health care, to energy, sustainability, and the 
environment. 

Guided by these goals, and by wanting to make our book even more accessible to 
students than it has ever been before, we have brought many changes to this edition. 


New To This Edition 


€ Solved Problems. We have greatly increased the number of Solved Problems. Now 
over 150 Solved Problems guide students in their strategies for problem solving. 
Solved Problems are usually paired with a related Review Problem. 


@ Review Problems. In-text Review Problems, over 10% of them new, provide students 
with opportunities to check their progress as they study. If they can work the review 
problem, they should move on. If not, they should review the preceding presentation. 


Solved Problem 12.6 


ILLUSTRATING A MULTISTEP SYNTHESIS Starting with bromobenzene and any other needed reagents, outline 


a synthesis of the following aldehyde: 
СДД 
H 


ANSWER Working backward, we remember that we can synthesize the aldehyde from the corresponding alcohol 
by oxidation with PCC (Section 12.4A). The alcohol can be made by treating phenylmagnesium bromide with oxi- 
rane. [Adding oxirane to a Grignard reagent is a very useful method for adding a — CH2CH52OH unit to an organic 
group (Section 12.7B).] Phenylmagnesium bromide can be made in the usual way, by treating bromobenzene with 
magnesium in an ether solvent. 


Retrosynthetic Analysis 


О 
Qi >Q. >Ñ «v 
H OH MgBr 


Synthesis 


X x Ol ei TR на СЕ 
— пене — 
Et,O (2) H,0* CH,Cl, 

Br MgBr OH H 


Provide retrosynthetic analyses and syntheses for each of the following alcohols, starting Review Problem 12.8 
with appropriate alkyl or aryl halides. 


OH OH 

) (three ways) 

E 2S (e) C] © (two ways) 
OH 

(b) "€ (three ways) D 

(c) (two ways) О 


(f) 2 (two ways) 


(three ways) 
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@ End-of-Chapter Problems. Over 15% of the end-of-chapter problems are new, and 
others have been revised. 


€ End-of-chapter 
problems have been 
grouped and labeled 
by topic. Students 
and instructors can 
more easily select 
problems for specific 
purposes. 


RELATIVE RATES OF NUCLEOPHILIC SUBSTITUTION 


6.20 — Which alkyl halide would you expect to react more rapidly by an Sy2 mechanism? Explain your answer. 


(а) Вг or EN (d) a? dip db: 


Br 


Br 
(b) Мор or М eT gr d srt ~ 


(c) Да or ~~ Sc) 


Which Sy2 reaction of each pair would you expect to take place more rapidly in a protic solvent? 


(а) () МИ + BO- — МИКИ ocr 


ог 
О (9 + вон —- ^9. + на 
SYNTHESIS 


Show how you might use a nucleophilic substitution reaction of 1-bromopropane to synthesize each of the following 
compounds. (You may use any other compounds that are necessary.) 


(a) ^. OH (9) О (в) ^. ^N (CH), Br 
i POS h 
(b) 1-Iodopropane О (h) Pp. N 
PS 


(d) CH3CH2CH»? — S — СНз 


11.34 Considering A-L to represent the major products formed in each of the following reactions, provide a structure for 
each of A through L. If more than one product can reasonably be conceived from a given reaction, include those 
as well. 


| 50,01 
so ДЈ 
(TBSCI) pyr 
H,SO,, 
a 


140° 


€ Throughout the book, more problems are cast in a visual format using structures, equa- 
tions, and schemes. In addition, we still provide Challenge Problems and Learning 
Group Problems to serve additional teaching goals. 


€ Key ideas in every section have been rewritten and emphasized as bullet points to help 
students focus on the most essential topics. 


3.24 Brensted-Lowry Acids and Bases 


Two classes of acid-base reactions are fundamental in organic chemistry: Brénsted—Lowry and 
Lewis acid-base reactions. We start our discussion with Brénsted—Lowry acid-base reactions. 


€ Brgnsted—Lowry acid-base reactions involve the transfer of protons. 
€ A Bronsted-Lowry acid is a substance that can donate (or lose) a proton. 


Ф A Bronsted-Lowry base is a substance that can accept (or remove) a proton. 


Preface xxiii 


ө “How to" Sections give step-by-step instructions to guide students in performing 
important tasks, such as using curved arrows, drawing chair conformations, planning a 
Grignard synthesis, determining formal charges, writing Lewis structures, and using 
13C and ІН NMR spectra to determine structure. 


3.5 How to Use Curved Arrows in Illustrating Reactions 


Up to this point we have not indicated how bonding changes occur in the reactions we have 
presented, but this can easily be done using curved-arrow notation. 


Curved arrows 


€ show the direction of electron flow іп a reaction mechanism. 


© point from the source of an electron pair to the atom receiving the pair. (Curved 
arrows can also show the movement of single electrons. We shall discuss reactions 
of this type in a later chapter.) 

€ always show the flow of electrons from a site of higher electron density to a site of 
lower electron density. 


@ never show the movement of atoms. Atoms are assumed to follow the flow of the 


electrons. "m 


€ New and updated chapter-opening vignettes and The Chemistry of . . . boxes bring 
organic chemistry home to everyday life experiences. More photos are included to 
help students relate organic chemistry to the world around them. 


lonic Reactions 


Nucleophilic Substitution and Elimination 
Reactions of Alkyl Halides 


Biological Methylation: A Biological Nucleophilic Substitution Reaction 


The cells of living organisms synthesize many of the com- — transfer takes place can be demonstrated experimentally by 
pounds they need from smaller molecules. Often these feeding a plant or animal methionine containing an isotopi- 
biosyntheses resemble the syntheses organic chemists cally labeled carbon atom (e.g., $C or 14C) in its methyl 


carry out in their laboratories. Let us examine one exam- group. Later, other compounds containing the "labeled" 
ple now. methyl group can be isolated from the organism. Some of 
Many reactions taking place in the cells of plants and ani- the compounds that get their methyl groups Кот methio- 


mals involve the transfer of a methyl group from an amino nine are the following. The isotopically labeled carbon atom 
acid called methionine to some other compound. That this ^ is shown in green. 


Organic syntheses, whether they take place in the glassware of the laboratoi 
ism, often involve fairly simple processes, such as the installation of a methyl 
example, we may want to install a methyl group on the nitrogen atom of a td 
an important counterpart in biochemistry. To do this we often employ a reacti 


"o opo oH son, 


NH,* 
Methionine 


R R 
| a | 

R w^ ae > R n CH3 | 
R R 


If we wanted to describe this reaction to an organic chemist we would descri 
tion reaction, a kind of reaction we describe in detail in this chapter. 

On the other hand, if we wanted to describe this reaction to a biochemist 
fer reaction. Biochemists have described many similar reactions this way, for 
transfers a methyl group from S-adenosylmethionine (SAM) to a tertiary amine to make choline. Choline is 
incorporated into the phospholipids of our cell membranes, and it is the hydrolysis product of acetylcholine, an 
important neurotransmitter. (Crystals of acetylcholine are shown in the polarized light microscopy image above.) 

Now, the biological reaction may seem more complicated, but its essence is similar to many nucleophilic 
substitution reactions we shall study in this chapter. First we consider alkyl halides, one of the most important 
types of reactants in nucleophilic substitution reactions. 


ki UN oH, 
a [a N cH, Сне CHCH OH 
~ m HO CH, 


Nicotine Adrenaline Choline 


230 
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€ Bond-line formulas replace almost all dash and condensed structural formulas after 
Chapter One where they are introduced and explained. Bond-line formulas are cleaner, 
simpler, and faster for students to interpret, and they are the format most often used by 
chemists to depict organic molecules. 


Hydroboration 


BH,: THF CH 
3 CH, - > ? + enantiomer 
Anti-Markovnikov and 


syn addition 


R = 2-methylcyclopentyl 


Oxidation 


CH, њ,о,„но- 
— 


=E А MECHANISM FOR THE REACTION | 
H boron with 
B retention of 


configuration 


Mechanism for the Sy1 Reaction 


REACTION 


ЈЕ ie 
CH;—C—CIl: + 2њ0 —> Seer us + њо“ + Ëi 
CH, 


€ This edition also offers students 


many visually oriented tools to Mera, 
. B Step 1 CH, CH, 
accommodate diverse learning styles. | с slow 7 = 
. : CH,—C--Cl: us ОНС + Ch: Step! дай is much 
These include Synthetic I. 3 Dor Transition _ Gier than 
В з state (2) Or AGF a), 
Connections, Concept Maps, Aided by the polar solvent, This slow step produces ed ue 
. . • а chlorine departs with thi the 3* carbocation interme- 
Thematic Mechanism Review CERE Es that bonded it dlate and a ohlotide lof.. 
to the carbon. Although not shown here, 
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Mechanism for the Reaction Boxes 
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Helpful Hints and richly annotated 
illustrations. 
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1. A substrate that can form a relatively stable carbocation (such as a substrate with a 
leaving group at a tertiary position) 


2. A relatively weak nucleophile 
3. A polar, protic solvent 


Reaction coordinate 
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€ Chapters on carbonyl chemistry have been reorganized to emphasize mechanistic 
themes of nucleophilic addition, acyl substitution, and reactivity at the a-carbon. 


€ The important modern synthetic methods of the Grubbs, Heck, Sonogashira, Stille, 
and Suzuki transition metal catalyzed carbon-carbon bond-forming reactions are pre- 
sented in a practical and student-oriented way that includes review problems and mech- 
anistic context (Special Topic G). 


€ Throughout the book, we have streamlined or reduced content to match the modern 
practice of organic chemistry, and we have provided new coverage of current reactions. 
We have made our book more accessible to students than ever before. While maintain- 
ing our commitment to an appropriate level and breadth of coverage. 


Preface 


Organization - An Emphasis on the Fundamentals 


So much of organic chemistry makes sense and can be generalized if students master and 
apply a few fundamental concepts. Therein lays the beauty of organic chemistry. If stu- 
dents learn the essential principles, they will see that memorization is not needed to suc- 
ceed in organic chemistry. 

Most important is for students to have a solid understanding of structure—of 
hybridization and geometry, steric hindrance, electronegativity, polarity, formal charges, 
and resonance — so that they can make intuitive sense of mechanisms. It is with these 
topics that we begin in Chapter 1. In Chapter 2 we introduce the families of functional 
groups — so that students have a platform on which to apply these concepts. We also intro- 
duce intermolecular forces, and infrared (IR) spectroscopy – a key tool for identifying 
functional groups. Throughout the book we include calculated models of molecular 
orbitals, electron density surfaces, and maps of electrostatic potential. These models 
enhance students' appreciation for the role of structure in properties and reactivity. 

We begin our study of mechanisms in the context of acid-base chemistry in Chapter 
3. Acid-base reactions are fundamental to organic reactions, and they lend themselves to 
introducing several important topics that students need early in the course: (1) curved 
arrow notation for illustrating mechanisms, (2) the relationship between free-energy 
changes and equilibrium constants, and (3) the importance of inductive and resonance 
effects and of solvent effects. 

In Chapter 3 we present the first of many “Mechanism for the Reaction" boxes, using 
an example that embodies both Bronsted-Lowry and Lewis acid-base principles. All 
throughout the book, we use boxes like these to show the details of key reaction mech- 
anisms. All of the Mechanism for the Reaction boxes are listed in the Table of Contents so 
that students can easily refer to them when desired. 

A central theme of our approach is to emphasize the relationship between structure 
and reactivity. This is why we choose an organization that combines the most useful fea- 
tures of a functional group approach with one based on reaction mechanisms. Our phi- 
losophy is to emphasize mechanisms and fundamental principles, while giving students 
the anchor points of functional groups to apply their mechanistic knowledge and intu- 
ition. The structural aspects of our approach show students what organic chemistry is. 
Mechanistic aspects of our approach show students how it works. And wherever an 
opportunity arises, we show them what it does in living systems and the physical world 
around us. 

In summary, our work on the 10" edition reflects the commitment we have as teach- 
ers to do the best we can to help students learn organic chemistry and to see how they can 
apply their knowledge to improve our world. The enduring features of our book have 
proven over the years to help students learn organic chemistry. The changes in our 10th 
edition make organic chemistry even more accessible and relevant. Students who use the 
in-text learning aids, work the problems, and take advantage of the resources and practice 
available in WileyPLUS (our online teaching and learning solution) will be assured of suc- 
cess in organic chemistry. 


BEDS WileyPLUS for Organic Chemistry — A Powerful 


Teaching and Learning Solution 


This online teaching and learning environment integrates the entire digital textbook with 
the most effective instructor and student resources to fit every learning style. With 
WileyPLUS (www.wileyplus.com): 


* Students achieve concept mastery in a rich, structured environment that's available 24/7 


* Instructors personalize and manage their course more effectively with assessment, 
assignments, grade tracking, and more. 


XXVI Preface 


WileyPLUS can complement your current textbook or replace the printed text altogether. 
The problem types and resources in WileyPLUS are designed to enable and support 
problem-solving skill development and conceptual understanding. Three unique reposi- 
tories of assessment are offered which provides breadth, depth and flexibility: 


1. End of chapter exercises, many of which are algorithmic, feature structure drawing/ 
assessment functionality using MarvinSketch, and provide immediate answer feed- 
back. A subset of these end of chapter questions are linked to Guided Online 
Tutorials which are stepped-out problem-solving tutorials that walk the student 


2-butanol FA MarvinSketch 


Click on the drawing box above to activate the MarvinSketch drawing tool end then draw your answer to this question. If there is no reaction, then check the "no 
reaction” box below 
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О 


он 

но 
Click on the drawing box above to activate the MarvinSketch drawing tool and then draw your answer to this question, If there is 
no reaction, then check the "no reaction" box below. 


[^ no reaction 


WileyPLUS For Students 


through the problem, offering 
individualized feedback at 
each step. 


2. Test Bank questions con- 
sisting of over 3,000 ques- 
tions. 


3. Prebuilt concept mastery 
assignments, organized by 
topic and concept, featuring 
robust answer feedback. 


Different learning styles, different levels of proficiency, different levels of preparation— 
each of your students is unique. WileyPLUS offers a myriad of rich multimedia 
resources for students to facilitate learning. These include: 


* Office Hour Videos: The solved problems from the book are presented by an organic 
chemistry professor, using audio and a whiteboard. It emulates the experience that a 
student would get if she or he were to attend office hours and ask for assistance in work- 
ing a problem. The goal is to illustrate good problem solving strategies. 
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NUCLEOPHILES AND ELECTROPHILES 
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Nucleophiles and Electrophiles: Problem #2 


Click on all of the nucleophilic centers in the following compound, and then hil the submit 
button: 


e 


SkillBuilding Exercises: Animated exercises, with instant feedback, reinforce the key 
skills required to succeed in organic chemistry. 


Core Concept Animations: Concepts are thoroughly explained using audio and white- 
board. 


WileyPLUS For Instructors 


WileyPLUS empowers you with the tools and resources you need to make your teaching 
even more effective: 


You can customize your classroom presentation with a wealth of resources and func- 
tionality from PowerPoint slides to a database of rich visuals. You can even add your 
own materials to your WileyPLUS course. 

WileyPLUS allows you to hellp students who might fall behind, by tracking their 
progress and offering assistance easily, even before they come to office hours. 


WileyPLUS simplifies and automates such tasks as student performance assessment, 
creating assignments, scoring student work, keeping grades, and more. 


Supplements 
Study Guide and Solutions Manual (ISBN 978-0-470-47839-4) 


The Study Guide and Solutions Manual for Organic Chemistry, Tenth Edition, authored by 
Robert Johnson, of Xavier University, Craig Fryhle, Graham Solomons, with contributions 
from Christopher Callam, of The Ohio State University, contains explained solutions to 
all of the problems in the text. The Study Guide also contains: 


An introductory essay “Solving the Puzzle—or— Structure is Everything" that serves 
as a bridge from general to organic chemistry 


Summary tables of reactions by mechanistic type and functional group 
A review quiz for each chapter 
A set of hands-on molecular model exercises 


Solutions to the problems in the Special Topics sections (many of the Special Topics 
are only available within WileyPLUS) 
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Organic Chemistry as a Second Language™, Volumes | & II 
By David Klein (Johns Hopkins University) 


David Klein's series of course companions has been an enormous success with students 
and instructors (Organic Chemistry as a Second Language, Part I, ISBN: 978-0-470- 
12929-6; Organic Chemistry as a Second Language, Part II, ISBN: 978-0-471-73808-5). 
Presenting fundamental principles, problem-solving strategies, and skill-building exercise 
in relaxed, student-friendly language, these books have been cited by many students as 
integral to their success in organic chemistry. 


Molecular Visions™ Model Kits 


We believe that the tactile experience of manipulating physical models is key to students’ 
understanding that organic molecules have shape and occupy space. To support our peda- 
gogy, we have arranged with the Darling Company to bundle a special ensemble of 
Molecular Visions™ model kits with our book (for those who choose that option). We use 
Helpful Hint icons and margin notes to frequently encourage students to use hand-held 
models to investigate the three-dimensional shape of molecules we are discussing in the 
book. 


Instructor Resources 


All Instructor Resources are available within WileyPLUS or they can be accessed by con- 
tacting your local Wiley Sales Representative. 


Test Bank. Authored by Robert Rossi, of Gloucester County College, Justin Wyatt, of the 
College of Charleston, and Maged Henary, of Georgia State University, the Test Bank for 
this edition has been completely revised and updated to include over 3,000 short answer, 
multiple choice, and essay/drawing questions. It is available in both a printed and com- 
puterized version. 


PowerPoint Lecture slides. A set of PowerPoint Lecture Slides have been prepared by 
Professor William Tam, of the University of Guelph and his wife, Dr. Phillis Chang. This 
new set of PowerPoint slides includes additional examples, illustrations, and presentations 
that help reinforce and test students’ grasp of organic chemistry concepts. An additional 
set of PowerPoint slides features the illustrations, figures, and tables from the text. AII 
PowerPoint slide presentations are customizable to fit your course. 


Personal Response System (**Clicker") Questions. A bank of questions is available for 
anyone using personal response system technology in their classroom. The clicker ques- 
tions are also available in a separate set of PowerPoint slides. 


Digital Image Library. Images from the text are available online in JPEG format. 
Instructors may use these to customize their presentations and to provide additional visu- 
al support for quizzes and exams. 
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To the Student 


Contrary to what you may have heard, organic chemisty 
does not have to be a difficult course. It will be a rigorous 
course, and it will offer a challenge. But you will learn more 
in it than in almost any course you will take—and what you 
learn will have a special relevance to life and the world 
around you. However, because organic chemistry can be 
approached in a logical and systematic way, you will find 
that with the right study habits, mastering organic chemistry 
can be a deeply satisfying experience. Here, then, are some 
suggestions about how to study: 


1. Keep up with your work from day to day—never let 
yourself get behind. Organic chemistry is a course in which 
one idea almost always builds on another that has gone 
before. It is essential, therefore, that you keep up with, or 
better yet, be a little ahead of your instructor. Ideally, you 
should try to stay one day ahead of your instructor's lectures 
in your own class preparations. The lecture, then, will be 
much more helpful because you will already have some 
understanding of the assigned material. Your time in class 
will clarify and expand ideas that are already familiar ones. 


2. Study material in small units, and be sure that you 
understand each new section before you go on to the 
next. Again, because of the cumulative nature of organic 
chemistry, your studying will be much more effective if you 
take each new idea as it comes and try to understand it com- 
pletely before you move on to the next concept. 


3. Work all of the in-chapter and assigned problems. 
One way to check your progress is to work each of the in- 
chapter problems when you come to it. These problems have 
been written just for this purpose and are designed to help 
you decide whether or not you understand the material that 
has just been explained. You should also carefully study the 
Solved Problems. If you understand a Solved Problem and 
can work the related in-chapter problem, then you should go 
on; if you cannot, then you should go back and study the 
preceding material again. Work all of the problems assigned 
by your instructor from the end of the chapter, as well. Do 
all of your problems in a notebook and bring this book with 
you when you go to see your instructor for extra help. 


4. Write when you study. Write the reactions, mecha- 
nisms, structures, and so on, over and over again. Organic 
chemistry is best assimilated through the fingertips by 
writing, and not through the eyes by simply looking, or by 
highlighting material in the text, or by referring to flash 
cards. There is a good reason for this. Organic structures, 


mechanisms, and reactions are complex. If you simply 
examine them, you may think you understand them thor- 
oughly, but that will be a misperception. The reaction mech- 
anism may make sense to you in a certain way, but you need 
a deeper understanding than this. You need to know the 
material so thoroughly that you can explain it to someone 
else. This level of understanding comes to most of us (those 
of us without photographic memories) through writing. 
Only by writing the reaction mechanisms do we pay suffi- 
cient attention to their details, such as which atoms are con- 
nected to which atoms, which bonds break in a reaction and 
which bonds form, and the three-dimensional aspects of the 
structures. When we write reactions and mechanisms, con- 
nections are made in our brains that provide the long-term 
memory needed for success in organic chemistry. We virtu- 
ally guarantee that your grade in the course will be directly 
proportional to the number of pages of paper that your fill 
with your own writing in studying during the term. 


5. Learn by teaching and explaining. Study with your 
student peers and practice explaining concepts and mecha- 
nisms to each other. Use the Learning Group Problems and 
other exercises your instructor may assign as vehicles for 
teaching and learning interactively with your peers. 


6. Use the answers to the problems in the Study Guide 
in the proper way. Refer to the answers only in two cir- 
cumstances: (1) When you have finished a problem, use the 
Study Guide to check your answer. (2) When, after making 
a real effort to solve the problem, you find that you are com- 
pletely stuck, then look at the answer for a clue and go back 
to work out the problem on your own. The value of a prob- 
lem is in solving it. If you simply read the problem and look 
up the answer, you will deprive yourself of an important way 
to learn. 


7. Use molecular models when you study. Because of 
the three-dimensional nature of most organic molecules, 
molecular models can be an invaluable aid to your under- 
standing of them. When you need to see the three-dimen- 
sional aspect of a particular topic, use the Molecular 
Visions™ model set that may have been packaged with your 
textbook, or buy a set of models separately. An appendix to 
the Study Guide that accompanies this text provides a set of 
highly useful molecular model exercises. 


8. Make use of the rich online teaching resources in 
WileyPLUS and do any online exercises that may be 
assigned by your instructor. 


У 
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The Basics 
Bonding and Molecular Structure 


Organic chemistry is a part of our lives at every moment. Organic molecules comprise the tissue of plants as 
mighty as the redwoods, convey signals from one neuron to the next in animals, store the genetic information 
of life, and are the food we eat each day. The growth of living things from microbes to elephants rests on organic 
reactions, and organic reactions provide the energy that drives our muscles and our thought processes. 

Our lives depend on organic chemistry in many other ways as well. Every article of clothing we wear is a 
product of organic chemistry, whether the fibers are natural or synthetic. Hardly a minute goes by when we're 
not using something made of organic molecules, such as a pen, a computer keyboard, a music player, or a cel- 
lular phone. We view display screens made of organic liquid crystal arrays. Natural organic polymers comprise 
wood and the paper we read. Natural and synthetic organic molecules enhance our health. There is not a sin- 
gle aspect of our lives that is not in some way dependent on organic chemistry. But what is organic chemistry? 


* Organic chemistry is the chemistry of compounds that contain the element carbon. 


Clearly, carbon compounds are central to life on this planet. Carbon as an element, however, has its origin 
elsewhere. 
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1.1 We Are Stardust 


An RNA molecule 


он 
о Ngy- CH CH,0H 


Vitamin C is found in various 
citrus fruits. 


Some 14.5 billion years ago the big bang formed hydrogen and helium, the lightest ele- 
ments. Further nuclear reactions in stars transmuted these elements into heavier ones, includ- 
ing carbon, nitrogen, oxygen, sulfur, phosphorus, and most others in the periodic table. 
Massive explosions called supernovae scattered the elements in the universe, and over time 
heavy elements coalesced to form planets and other celestial bodies. Through processes not 
understood but about which there continues to be much research, simple molecules formed, 
eventually including organic molecules that could support life—the nucleic acids that make 
up DNA and RNA, the amino acids that comprise proteins, carbohydrates such as glucose, 
and other types of molecules. It is from elegant molecular building blocks like these that 
the incredible richness of chemistry and life has evolved. So, in the truest sense we living 
creatures are composed of stardust, and without supernovae not only would there be no 
organic chemistry, there would be no life. 


1.1A Development of the Science of Organic Chemistry 


The science of organic chemistry began to flower with the demise of a nineteenth century 
theory called vitalism. According to vitalism, organic compounds were only those that came 
from living organisms, and only living things could synthesize organic compounds through 
intervention of a vital force. Inorganic compounds were considered those compounds that 
came from nonliving sources. Friedrich Wóhler, however, discovered in 1828 that an organic 
compound called urea (a constituent of urine) could be made by evaporating an aqueous 
solution of the inorganic compound ammonium cyanate. With this discovery, the synthe- 
sis of an organic compound, began the evolution of organic chemistry as a scientific 
discipline. 


heat | 
NH,NCO- 5, 
: H,N^ “МН, 


Ammonium cyanate Urea 


Despite the demise of vitalism in science, the word "organic" is still used today by some 
people to mean “coming from living organisms" as in the terms “organic vitamins" and 
“organic fertilizers.’ The commonly used term “organic food" means that the food was 
grown without the use of synthetic fertilizers and pesticides. An “organic vitamin" means 
to these people that the vitamin was isolated from a natural source and not synthesized by 
a chemist. While there are sound arguments to be made against using food contaminated 
with certain pesticides, while there may be environmental benefits to be obtained from 
organic farming, and while “natural” vitamins may contain beneficial substances not pre- 
sent in synthetic vitamins, it is impossible to argue that pure "natural" vitamin C, for exam- 
ple. is healthier than pure "synthetic" vitamin C, since the two substances are identical in all 
respects. In science today, the study of compounds from living organisms is called natural 
products chemistry. 


1.2 Atomic Structure 


Before we begin our study of the compounds of carbon we need to review some basic but 
familiar ideas about the chemical elements and their structure. 


€ The compounds we encounter in chemistry are made up of elements combined 
in different proportions. An abridged periodic table of the elements is given in 
Table 1.1. 
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Electron cloud 


Nucleus 


Figure 1.1 An atom is 
composed of a tiny nucleus 
containing protons and neutrons 
and a large surrounding volume 
containing electrons. The 
diameter of a typical atom is 
about 10,000 times the diameter 
of its nucleus. 


Review Problem 1.1 
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@ Elements are made up of atoms. An atom (Fig. 1.1) consists of a dense, positively 
charged nucleus containing protons and neutrons and a surrounding cloud of 
electrons. 


Each proton of the nucleus bears one positive charge; electrons bear one negative charge. 
Neutrons are electrically neutral; they bear no charge. Protons and neutrons have nearly 
equal masses (approximately 1 atomic mass unit each) and are about 1800 times as heavy 
as electrons. Most of the mass of an atom, therefore, comes from the mass of the nucleus; 
the atomic mass contributed by the electrons is negligible. Most of the volume of an atom, 
however, comes from the electrons; the volume of an atom occupied by the electrons is 
about 10,000 times larger than that of the nucleus. 

The elements commonly found in organic molecules are carbon, hydrogen, nitrogen, oxy- 
gen, phosphorus, and sulfur, as well as the halogens: fluorine, chlorine, bromine, and iodine. 

Each element is distinguished by its atomic number (Z), a number equal to the 
number of protons in its nucleus. Because an atom is electrically neutral, the atomic num- 
ber also equals the number of electrons surrounding the nucleus. 


1.2A Isotopes 


Before we leave the subject of atomic structure and the periodic table, we need to examine 
one other observation: the existence of atoms of the same element that have different 
masses. 

For example (Table 1.1), the element carbon has six protons in its nucleus giving it an 
atomic number of 6. Most carbon atoms also have six neutrons in their nuclei, and because 
each proton and each neutron contributes one atomic mass unit (1 amu) to the mass of the 
atom, carbon atoms of this kind have a mass number of 12 and are written as РО 


€ Although all the nuclei of all atoms of the same element will have the same 
number of protons, some atoms of the same element may have different masses 
because they have different numbers of neutrons. Such atoms are called 
isotopes. 


For example, about 196 of the atoms of elemental carbon have nuclei containing 7 neu- 
trons, and thus have a mass number of 13. Such atoms are written 1C. A tiny fraction of 
carbon atoms have 8 neutrons in their nucleus and a mass number of 14. Unlike atoms of 
carbon-12 and carbon-13, atoms of carbon-14 are radioactive. The 14C isotope is used in 
carbon dating. The three forms of carbon, 12C, 13С, and 14C, are isotopes of one another. 

Most atoms of the element hydrogen have one proton in their nucleus and have no neu- 
tron. They have a mass number of 1 and are written 'H. A very small percentage (0.015%) 
of the hydrogen atoms that occur naturally, however, have one neutron in their nucleus. These 
atoms, called deuterium atoms, have a mass number of 2 and are written 2H. An unstable (and 
radioactive) isotope of hydrogen, called tritium (H), has two neutrons in its nucleus. 


There are two stable isotopes of nitrogen, ^N and 15N. How many protons and neutrons 
does each isotope have? 


1.2B Valence Electrons 


We discuss the electron configurations of atoms in more detail in Section 1.10. For the 
moment we need only to point out that the electrons that surround the nucleus exist in shells 
of increasing energy and at increasing distances from the nucleus. The most important shell, 
called the valence shell, is the outermost shell because the electrons of this shell are the 
ones that an atom uses in making chemical bonds with other atoms to form compounds. 


@ How do we know how many electrons an atom has in its valence shell? We look at 
the periodic table. The number of electrons in the valence shell (called valence 


1.3 The Structural Theory of Organic Chemistry 


electrons) is equal to the group number of the atom. For example, carbon is in group 
IVA and carbon has four valence electrons; oxygen is in group VIA and oxygen has 
six valence electrons. The halogens of group VIIA all have seven electrons. 


How many valence electrons does each of the following atoms have? 


(a) Na (b) CI (c) Si (d) B (e) Ne (f) N 


Review Problem 1.2 


1.3 The Structural Theory of Organic Chemistry 


Between 1858 and 1861, August Kekulé, Archibald Scott Couper, and Alexander M. 
Butlerov, working independently, laid the basis for one of the most important theories in 
chemistry: the structural theory. 

Two central premises are fundamental: 


1. The atoms in organic compounds can form a fixed number of bonds using their out- 
ermost shell (valence) electrons. Carbon is tetravalent; that is, carbon atoms have four 
valence electrons and can form four bonds. Oxygen is divalent, and hydrogen and 
(usually) the halogens are monovalent: 

H = 


—с— Ci— 


Carbon atoms 
are tetravalent. 


—0— 


Oxygen atoms 
are divalent. 


Hydrogen and halogen 
atoms are monovalent. 


2. A carbon atom can use one or more of its valence electrons to form bonds to other 
carbon atoms: 


Carbon-carbon bonds 


| | 

—C—C— bd —C=C— 
| | / N 

Single bond Double bond Triple bond 


In his original publication Couper represented these bonds by lines much in the same 
way that most of the formulas in this book are drawn. In his textbook (published in 1861), 
Kekulé gave the science of organic chemistry its modern definition: a study of the com- 
pounds of carbon. 


1.3A Isomers: The Importance of Structural Formulas 


The structural theory allowed early organic chemists to begin to solve a fundamental prob- 
lem that plagued them: the problem of isomerism. These chemists frequently found exam- 
ples of different compounds that have the same molecular formula. Such compounds 
are called isomers. 

Let us consider an example involving two compounds that have practical uses: acetone, 
used in nail polish remover and as a paint solvent, and propylene oxide, used with sea- 
weed extracts to make food-grade thickeners and foam stabilizers for beer (among other 
applications). Both of these compounds have the molecular formula C3HgO and therefore 
the same molecular weight. Yet acetone and propylene oxide have distinctly different boil- 
ing points and chemical reactivity that, as a result, lend themselves to distinctly different 
practical applications. Their shared molecular formula simply gives us no basis for under- 
standing the differences between them. We must, therefore, move to a consideration of their 
structural formulas. 


Helpful Hint 


Terms and concepts that are 
fundamentally important to your 
learning organic chemistry are set 

in bold blue type. You should learn 
them as they are introduced. These 
terms are also defined in the 
glossary. 


Helpful Hint 


Build handheld models of these 
compounds and compare their 
structures. 
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polish removers. 


Propylene oxide alginates, made 


from propylene oxide and 2. . : : Я : 
seaweed extracts, аге used as @ Constitutional isomers usually have different physical properties (e.g., melting 


point, boiling point, and density) and different chemical properties (reactivity). 


food thickeners. 


Figure 1.2 Ball-and-stick models and chemical formulas show the 
different structures of acetone and propylene oxide. 


On examining the structures of acetone and propylene oxide several key aspects are 
clearly different (Fig. 1.2). Acetone contains a double bond between the oxygen atom and 
the central carbon atom. Propylene oxide does not contain a double bond, but has three 
atoms joined in a ring. The connectivity of the atoms is clearly different in acetone and 
propylene oxide. Their structures have the same molecular formula but a different consti- 
tution. We call such compounds constitutional isomers.* 


6 Constitutional isomers are different compounds that have the same molecular for- 
mula but differ in the sequence in which their atoms are bonded, that is, in their 
connectivity. 


Solved Problem 1.1 


There are two constitutional isomers with the formula C2HgO. Write structural formulas for these isomers. 


STRATEGY AND ANSWER If we recall that carbon can form four covalent bonds, oxygen can form two, and hydro- 
gen only one, we can arrive at the following constitutional isomers. 


H H H H 
H—C—O—C—H H—C—C—O—H 
H | | H 
Dimethyl ether Ethanol eRe y 


It should be noted that these two isomers are clearly different in their physical properties. At room temperature and 
1 atm pressure, dimethyl ether is a gas. Ethanol is a liquid. 


1.3B The Tetrahedral Shape of Methane 


In 1874, the structural formulas originated by Kekulé, Couper, and Butlerov were expanded 
into three dimensions by the independent work of J. H. van't Hoff and J. A. Le Bel. van't 
Hoff and Le Bel proposed that the four bonds of the carbon atom in methane, for example, 
are arranged in such a way that they would point toward the corners of a regular tetrahe- 


*An older term for isomers of this type was structural isomers. The International Union of Pure and Applied 
Chemistry (IUPAC) now recommends that use of the term "structural" when applied to constitutional isomers 
be abandoned. 


1.4 Chemical Bonds: The Octet Rule 
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structure of methane. 


dron, the carbon atom being placed at its center (Fig. 1.3). The necessity for knowing the 
arrangement of the atoms in space, taken together with an understanding of the order in 
which they are connected, is central to an understanding of organic chemistry, and we shall 
have much more to say about this later, in Chapters 4 and 5. 


1.4 Chemical Bonds: The Octet Rule 


The first explanations of the nature of chemical bonds were advanced by G. N. Lewis (of 
the University of California, Berkeley) and W. Kóssel (of the University of Munich) in 1916. 
Two major types of chemical bonds were proposed: 

1. Ionic (or electrovalent) bonds are formed by the transfer of one or more electrons 

from one atom to another to create ions. 

2. Covalent bonds result when atoms share electrons. 

The central idea in their work on bonding is that atoms without the electronic configu- 
ration of a noble gas generally react to produce such a configuration because these config- 
urations are known to be highly stable. For all of the noble gases except helium, this means 
achieving an octet of electrons in the valence shell. 


@ The tendency for an atom to achieve a configuration where its valence shell con- 
tains eight electrons is called the octet rule. 


The concepts and explanations that arise from the original propositions of Lewis and 
Козе! are satisfactory for explanations of many of the problems we deal with in organic 
chemistry today. For this reason we shall review these two types of bonds in more modern 
terms. 


1.4A lonic Bonds 
Atoms may gain or lose electrons and form charged particles called ions. 
€ An ionic bond is an attractive force between oppositely charged ions. 


One source of such ions is a reaction between atoms of widely differing electronegativi- 
ties (Table 1.2). 


| TABLE 1.2 | Electronegativities of Some of the Elements 


H 
2.1 
Li Be B C N о Е 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 Increasing 
Na Mg Al Si P S а electronegativity 
0.9 1.2 1.5 1.8 2.1 2.5 3.0 


Helpful Hint 


We will use electronegativity 
frequently as a tool for 
understanding the properties and 
reactivity of organic molecules. 
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ө Electronegativity is a measure of the ability of an atom to attract electrons. 
ө Electronegativity increases as we go across a horizontal row of the periodic table 
from left to right and it increases as we go up a vertical column (Table 1.2). 


An example of the formation of an ionic bond is the reaction of lithium and fluorine 
atoms: 


Lithium, a typical metal, has a very low electronegativity; fluorine, a nonmetal, is the 
most electronegative element of all. The loss of an electron (a negatively charged species) 
by the lithium atom leaves a lithium cation (Li*); the gain of an electron by the fluorine 
atom gives a fluoride anion (F`). 


€ Ions form because atoms can achieve the electronic configuration of a noble gas by 
gaining or losing electrons. 


The lithium cation with two electrons in its valence shell is like an atom of the noble gas 
helium, and the fluoride anion with eight electrons in its valence shell is like an atom of the 
noble gas neon. Moreover, crystalline lithium fluoride forms from the individual lithium and 
fluoride ions. In this process negative fluoride ions become surrounded by positive lithium 
ions, and positive lithium ions by negative fluoride ions. In this crystalline state, the ions 
have substantially lower energies than the atoms from which they have been formed. Lithium 
and fluorine are thus “stabilized” when they react to form crystalline lithium fluoride. 

We represent the formula for lithium fluoride as LiF, because that is the simplest formula 
for this ionic compound. 

Ionic substances, because of their strong internal electrostatic forces, are usually very 
high melting solids, often having melting points above 1000°С. In polar solvents, such as 
water, the ions are solvated (see Section 2.13D), and such solutions usually conduct an elec- 
tric current. 


9 Ionic compounds, often called salts, form only when atoms of very different 
electronegativities transfer electrons to become ions. 


1.4B Covalent Bonds and Lewis Structures 


When two or more atoms of the same or similar electronegativities react, a complete trans- 
fer of electrons does not occur. In these instances the atoms achieve noble gas configura- 
tions by sharing electrons. 


@ Covalent bonds form by sharing of electrons between atoms of similar electroneg- 
ativities to achieve the configuration of a noble gas. 

ө Molecules are composed of atoms joined exclusively or predominantly by covalent 
bonds. 


Molecules may be represented by electron-dot formulas or, more conveniently, by bond 
formulas where each pair of electrons shared by two atoms is represented by a line. Some 
examples are shown here: 


1. Hydrogen, being in group IA of the periodic table, has one valence electron. Two 
hydrogen atoms share electrons to form a hydrogen molecule, Ho. 


н, Н: + -H — H:H usually written H—H 


1.5 How to Write Lewis Structures 


2. Because chlorine is in group VIIA, its atoms have seven valence electrons. Two chlo- 
rine atoms can share electrons (one electron from each) to form a molecule of Clo. 


Clo :Cl- + Cl: — :Сі:Сі: usuallyw ritten :CI—Cl: 


3. And a carbon atom (group IVA) with four valence electrons can share each of these 
electrons with four hydrogen atoms to form a molecule of methane, СН,. 


H 
CH, C: +4H: —— H:C:H usually written H— | —H 
| H | 
H 
These formulas are often called Lewis structures; in writing them we show only the elec- 
trons of the valence shell. 
4. Atoms can share two or more pairs of electrons to form multiple covalent bonds. 
For example, two nitrogen atoms possessing five valence electrons each (because 
nitrogen is in group VA) can share electrons to form a triple bond between them. 


No М+М: usually written |. : NEN: 


5. Ions, themselves, may contain covalent bonds. Consider, as an example, the ammo- 


nium ion. 
H 
А н. | 
NH4 H:N:H usually written H—N—H 
H | 
H 
Consider the following compounds and decide whether the bond in them would be ionic Review Problem 1.3 


or covalent. 
(a) LIH (b) KCI (c) F2 (d) PH3 


^ IMMM 
1.5 How to Write Lewis Structures 


Several simple rules allow us to draw proper Lewis structures: 


1. Lewis structures show the connections between atoms in a molecule or ion using Helpful Hint 
only the valence electrons of the atoms involved. Valence electrons are those ofan The ability to write proper Lewis 


А structures is опе of the most 
atom's outermost shell. й . 
important tools for learning 


2. For main group elements, the number of valence electrons a neutral atom brings organic chemistry. 
to a Lewis structure is the same as its group number in the periodic table. Carbon, 
for example, is in group IVA and has four valence electrons; the halogens (e.g., flu- 
orine) are in group VIIA and each has seven valence electrons; hydrogen is in group 
IA and has one valence electron. 


3. If the structure we are drawing is a negative ion (an anion), we add one electron 
for each negative charge to the original count of valence electrons. If the struc- 
ture is a positive ion (a cation), we subtract one electron for each positive charge. 


4. In drawing Lewis structures we try to give each atom the electron configuration 
of a noble gas. To do so, we draw structures where atoms share electrons to form 
covalent bonds or transfer electrons to form ions. 

a. Hydrogen forms one covalent bond by sharing its electron with an electron of 
another atom so that it can have two valence electrons, the same number as in the 
noble gas helium. 
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b. Carbon forms four covalent bonds by sharing its four valence electrons with four 
valence electrons from other atoms, so that it can have eight electrons (the same 
as the electron configuration of neon, satisfying the octet rule). 

. To achieve an octet of valence electrons, elements such as nitrogen, oxygen, and 
the halogens typically share only some of their valence electrons through cova- 


lent bonding, leaving others as unshared electron pairs. 


The following problems illustrate this method. 


Solved Problem 1.2 


Write the Lewis structure of CH3F. 


STRATEGY AND ANSWER 
1. We find the total number of valence electrons of all the atoms: 
4+ 30)+7= 14 
lo ма 
(5 Sin E 
2. We use pairs of electrons to form bonds between all atoms that are bonded to each other. We represent these 
bonding pairs with lines. In our example this requires four pairs of electrons (8 of the 14 valence electrons). 


| 
H—C—F 


| 
H 


3. We then add the remaining electrons in pairs so as to give each hydrogen 2 electrons (a duet) and every other 
atom 8 electrons (an octet). In our example, we assign the remaining 6 valence electrons to the fluorine atom 


in three nonbonding pairs. 


1 
in 
H 


Solved Problem 1.3 


Write the Lewis structure for ethane (C2Hg). 
STRATEGY AND ANSWER 
1. We find the total number of valence electrons of all the atoms. 
2(4) + 6(1) = 14 
|| || 
2C 6H 
2. We use one pair of electrons to form a single bond between two carbon atoms, and six pairs of electrons to 
form single bonds from each carbon atom to three hydrogen atoms. 


E. Ja 
H:C:C:H н—0—7—н 
H H H H 


A 
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1.6 Exceptions to the Octet Rule 


Solved Problem 1.4 


Write a Lewis structure for methylamine (CH5N). 
STRATEGY AND ANSWER 


1. We find the total number of valence electrons for all the atoms. 


4 5 5(1) = 14 = 7 pairs 


Dos FS 
C IN Sal 
2. We use one electron pair to join the carbon and nitrogen. 
C—N 


3. We use three pairs to form single bonds between the carbon and three hydrogen atoms. 
4. We use two pairs to form single bonds between the nitrogen atom and two hydrogen atoms. 
5. This leaves one electron pair, which we use as a lone pair on the nitrogen atom. 


| 
Еле ES 
H H 


If necessary, we use multiple bonds to satisfy the octet rule (i.e., give atoms the noble 
gas configuration). The carbonate ion (CO? ) illustrates this: 


2– 


l 
67 "2. 
The organic molecules ethene (C2H4) and ethyne (C2H2) have a double and triple bond, 
respectively: 
H К Pi 
Pact and H—C=C—H 
H H 


1.6 Exceptions to the Octet Rule 


Atoms share electrons, not just to obtain the configuration of an inert gas, but because shar- 
ing electrons produces increased electron density between the positive nuclei. The result- 
ing attractive forces of nuclei for electrons is the “glue” that holds the atoms together 
(cf. Section 1.11). 


ө Elements of the second period of the periodic table can have a maximum of four 
bonds (i.e., have eight electrons around them) because these elements have only 
one 2s and three 2p orbitals available for bonding. 


Each orbital can contain two electrons, and a total of eight electrons fills these orbitals 
(Section 1.10A). The octet rule, therefore, only applies to these elements, and even 
here, as we shall see in compounds of beryllium and boron, fewer than eight electrons 
are possible. 


ө Elements of the third period and beyond have d orbitals that can be used for bonding. 
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These elements can accommodate more than eight electrons in their valence shells and there- 
fore can form more than four covalent bonds. Examples are compounds such as PCls and 
SF.. Bonds written as «© (dashed wedges) project behind the plane of the paper. Bonds 
written as P^ (solid wedges) project in front of the paper. 


Ca gh 
СР. S. 
СЕ ` З. ЈЕ 


Solved Problem 1.5 


Write a Lewis structure for the sulfate ion ($0427). (Note: The sulfur atom is bonded to all four oxygen atoms.) 


ANSWER 


1. We find the total number of valence electrons including the extra 2 electrons needed to give the ion the double 
negative charge: 


6 + 4(6) + 2 = 32 


А 
5 40 2е- 
2. We use four pairs of electrons to form bonds between the sulfur atom and the four oxygen atoms: 
i 
de 
© 


3. We add the remaining 24 electrons as unshared pairs on oxygen atoms and as double bonds between the sulfur 
atom and two oxygen atoms. This gives each oxygen 8 electrons and the sulfur atom 12: 


Review Problem 1.4 Write a Lewis structure for the phosphate ion (РОЗ). 


Some highly reactive molecules or ions have atoms with fewer than eight electrons 
in their outer shell. An example is boron trifluoride (BF3). In a ВЕз molecule the central 
boron atom has only six electrons around it: 


Finally, one point needs to be stressed: Before we can write some Lewis structures, 
we must know how the atoms are connected to each other. Consider nitric acid, for exam- 
ple. Even though the formula for nitric acid is often written HNO3, the hydrogen is actu- 
ally connected to an oxygen, not to the nitrogen. The structure is HONO? and not HNOs. 
Thus the correct Lewis structure is 


H—OÓ—N? and not unm 
0. 
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1.7 Formal Charges and How to Calculate Them 


This knowledge comes ultimately from experiments. If you have forgotten the structures На ful Hint 
of some of the common inorganic molecules and ions (such as those listed in Review d 
Problem 1.5), this may be a good time for a review of the relevant portions of your gen- Check your progress by doing 


each Review Problem as you come 


eral chemistry text. to it in the text. 


Solved Problem 1.6 


Assume that the atoms are connected in the same way they are written in the formula, and write a Lewis structure 
for the toxic gas hydrogen cyanide (HCN). 


STRATEGY AND ANSWER 
1. We find the total number of valence electrons on all of the atoms: 


1+4+5=10 
Пи 
н см 


2. We use one pair of electrons to form a single bond between the hydrogen atom and the carbon atom (see below), 
and we use three pairs to form a triple bond between the carbon atom and the nitrogen atom. This leaves two 
electrons. We use these as an unshared pair on the nitrogen atom. Now each atom has the electronic structure 
of a noble gas. The carbon atom has two electrons (like helium) and the carbon and nitrogen atoms each have 
eight electrons (like neon). 


H—C=N 
Write a Lewis structure for each of the following: Review Problem 1.5 
(a) HF (c) CH3F (e) H2805 (g) НАРОД 
(b) F2 (d) HNO2 (f ВЊ_ (h) Н;СОз 


1.7 Formal Charges and How to Calculate Them 


Many Lewis structures are incomplete until we decide whether any of their atoms have a H Hi 
formal charge. Calculating the formal charge on an atom in a Lewis structure is simply Helpful Hint 
a bookkeeping method for its valence electrons. Proper assignment of formal 
charges is another essential tool 
ө First, we examine each atom and, using the periodic table, we determine how for learning organic chemistry. 


many valence electrons it would have if it were an atom not bonded to any other 
atoms. This is equal to the group number of the atom in the periodic table. For 
hydrogen this number equals 1, for carbon it equals 4, for nitrogen it equals 5, and 
for oxygen it equals 6. 


Next, we examine the atom in the Lewis structure and we assign the valence electrons in 
the following way: 


Ф We assign to each atom half of the electrons it is sharing with another atom 
and all of its unshared (lone) electron pairs. 


Then we do the following calculation for the atom: 


Formal charge = number of valence electrons — 1/2 number of shared electrons — 
number of unshared electrons 
or 
F=Z-(1/2)S-U 


where F is the formal charge, Z is the group number of the element, S equals the number 
of shared electrons, and U is the number of unshared electrons. 
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Review Problem 1.6 


Chapter 1 The Basics—Bonding and Molecular Structure 


6 It is important to note, too, that the arithmetic sum of all the formal charges in a 
molecule or ion will equal the overall charge on the molecule or ion. 


Let us consider several examples showing how this is done. 


The Ammonium lon (NH,*) As we see below, the ammonium ion has no unshared elec- 
tron pairs. We divide all of the electrons in bonds equally between the atoms that share them. 
Thus, each hydrogen is assigned one electron. We subtract this from one (the number of valence 
electrons in a hydrogen atom) to give each hydrogen atom a formal charge of zero. The nitro- 
gen atom is assigned four electrons (one from each bond). We subtract four from five (the num- 
ber of valence electrons in a nitrogen atom) to give the nitrogen a formal charge of +1. 


For hydrogen: valence electrons of free atom 
subtract assigned electrons 


Formal charge on each hydrogen - 0 
For nitrogen: valence electrons of free atom = 5 
subtract assigned electrons = -(ua 
Formal charge on nitrogen = +1 


Overall charge on ion = 4(0) + 1 = +1 


The Nitrate lon (МОз ) Let us next consider the nitrate ion (NO; ), an ion that has 
oxygen atoms with unshared electron pairs. Here we find that the nitrogen atom has a formal 
charge of +1, that two oxygen atoms have formal charges of — 1, and that one oxygen has 
a formal charge equal to 0. 


— Formal charge = 6 - (1,)2—6 = -1 


Ф 2 
Y | : Formal charge = 5 – (1/,)8 = +1 


Formal charge = 6 - (1)4 - 4 = 0 
Charge on ion = 2(-1) + 1 + 0 = -1 


Water and Ammonia The sum of the formal charges on each atom making up a 
molecule must be zero. Consider the following examples: 


Water 
Formal charge = 6 – (1/,)4-4=0 
H—O—H or Formal charge = 1 – (1/,)2 = 0 
Charge on molecule = 0 + 2(0) = 0 
Ammonia 
Formal charge = 5 – (15)6 - 2 = 0 
dn Н ог Formal charge = 1 – (1/,)2 = 0 
H 


Charge on molecule = 0 + 3(0) = 0 


Write a Lewis structure for each of the following negative ions, and assign the formal 
negative charge to the correct atom: 


(a) СНао“ (c) СМ“ (е) HCO,” 
(b) NH2” (d) НСО» (f) НС“ 


t 
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1.8 Resonance Theory 


1.7A A Summary of Formal Charges 

With this background, it should now be clear that each time an oxygen atom of the type 
—O: appears in a molecule or ion, it will have a formal charge of — 1, and that each time 
an oxygen atom of the type =O or —Ö— appears, it will have a formal charge of 0. 


Similarly, —N— will be + 1, and —N— will be zero. These and other common struc- 


tures are summarized in Table 1.3. 


СЗЭ А Summary of Formal Charges 


Formal Formal Formal Helpful Hint 
Group Charge of +1 Charge of 0 Charge of —1 


In later chapters, when you are 


evaluating how reactions proceed 
| and what products form, you will 
ША “BO —B— find it essential to keep track of 
| formal charges. 
IVA 77 =<— =0 == =< =o | Pee ese 
А TN = 
УА = x =N— —N— дом =N= =N 
VIA = pos =0= —Q. —O: 
VIA —X— —X: (X = F, Cl, Br, orl) | :Х:- 
Assign the proper formal charge to the colored atom in each of the following structures: Review Problem 1.7 
ЛЕ T it 
(a) H—C—C © С. е H—C—N—H (80) CHg—C=N: 
| \ H^ 0, | 
H H i H H 
9 H—O—H 
(b) m md (d) HR (f) Ба за (h) CH3—N=N: 
H H H 


1.8 Resonance Theory 


Many times more than one equivalent Lewis structure can be written for a molecule or ion. 
Consider, for example, the carbonate ion (СО22 ). We can write three different but 
equivalent structures, 1-3: 
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Helpful Hint 


Curved arrows (Section 3.5) show 
movement of electron pairs, not 
atoms. The tail of the arrow begins 
at the current position of the 
electron pair. The head of the 
arrow points to the location where 
the electron pair will be in the next 
structure. Curved-arrow notation is 
one of the most important tools 
that you will use to understand 
organic reactions. 
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Notice two important features of these structures. First, each atom has the noble gas con- 
figuration. Second, and this is especially important, we can convert one structure into any 
other by changing only the positions of the electrons. We do not need to change the rela- 
tive positions of the atomic nuclei. For example, if we move the electron pairs in the man- 
ner indicated by the curved arrows in structure 1, we change structure 1 into structure 2: 


. „С VN becomes Wc 
67 Us 97 со 
1 2 
In a similar way we can change structure 2 into structure 3: 
? У | | г 
CXCLY becomes O. ~ 
Q7 70 9^ ду 
2 3 


Structures 1-3, although not identical on paper, are equivalent. None of them alone, how- 
ever, fits important data about the carbonate ion. 

X-Ray studies have shown that carbon-oxygen double bonds are shorter than single 
bonds. The same kind of study of the carbonate ion shows, however, that all of its car- 
bon-oxygen bonds are of equal length. One is not shorter than the others as would be 
expected from representations 1, 2, and 3. Clearly none of the three structures agrees with 
this evidence. In each structure, 1-3, one carbon-oxygen bond is a double bond and the 
other two are single bonds. None of the structures, therefore, is correct. How, then, should 
we represent the carbonate ion? 

One way is through a theory called resonance theory. This theory states that whenever 
a molecule or ion can be represented by two or more Lewis structures that differ only in 
the positions of the electrons, two things will be true: 


1. None of these structures, which we call resonance structures or resonance con- 
tributors, will be a realistic representation for the molecule or ion. None will be in 
complete accord with the physical or chemical properties of the substance. 


2. The actual molecule or ion will be better represented by a hybrid (average) of these 
Structures. 


@ Resonance structures, then, are not real structures for the actual molecule or 
ion; they exist only on paper. As such, they can never be isolated. No single con- 
tributor adequately represents the molecule or ion. In resonance theory we view 
the carbonate ion, which is, of course, a real entity, as having a structure that is a 
hybrid of the three hypothetical resonance structures. 


What would a hybrid of structures 1-3 be like? Look at the structures and look espe- 
cially at a particular carbon—oxygen bond, say, the one at the top. This carbon-oxygen bond 
is a double bond in one structure (1) and a single bond in the other two (2 and 3). The actual 
carbon-oxygen bond, since it is a hybrid, must be something in between a double bond and 
a single bond. Because the carbon-oxygen bond is a single bond in two of the structures 
and a double bond in only one, it must be more like a single bond than a double bond. It 
must be like a one and one-third bond. We could call it a partial double bond. And, of course, 
what we have just said about any one carbon-oxygen bond will be equally true of the other 
two. Thus all of the carbon-oxygen bonds of the carbonate ion are partial double bonds, 
and all are equivalent. All of them should be the same length, and this is exactly what exper- 
iments tell us. The bonds are all 1.28 À long, a distance which is intermediate between that 
of a carbon-oxygen single bond (1.43 À) and that of a carbon-oxygen double bond (1.20 À). 
One angstrom equals 1 х 107 !? meter. 


1.8 Resonance Theory 


@ One other important point: By convention, when we draw resonance structures, we 
connect them by double-headed arrows (<=) to indicate clearly that they are hypo- 
thetical, not real. For the carbonate ion we write them this way: 


e. Ta T 
—— —— 3 
97 76 сабсе — 7o 7O- 


We should not let these arrows, or the word “resonance,” mislead us into thinking that 
the carbonate ion fluctuates between one structure and another. These structures individu- 
ally do not represent reality and exist only on paper; therefore, the carbonate ion cannot 
fluctuate among them because it is a hybrid of them. 


6 It is also important to distinguish between resonance and an equilibrium. 


In an equilibrium between two, or more, species, it is quite correct to think of different struc- 
tures and moving (or fluctuating) atoms, but not in the case of resonance (as in the car- 
bonate ion). Here the atoms do not move, and the "structures" exist only on paper. An 
equilibrium is indicated by — and resonance by <>. 

How can we write the structure of the carbonate ion in a way that will indicate its actual 
structure? We may do two things: we may write all of the resonance structures as we have 
just done and let the reader mentally fashion the hybrid, or we may write a non-Lewis struc- 
ture that attempts to represent the hybrid. For the carbonate ion we might do the following: 


: а oO :0: 
| | | | 
o S gs- d^ = 7 ~ S romans - 
= UU 


Hybrid Contributing resonance structures 

The bonds in the structure on the left are indicated by a combination of a solid line and a 
dashed line. This is to indicate that the bonds are something in between a single bond and 
a double bond. As a rule, we use a solid line whenever a bond appears in all structures, and 
a dashed line when a bond exists in one or more but not all. We also place a 6— (read par- 
tial minus) beside each oxygen to indicate that something less than a full negative charge 
resides on each oxygen atom. (In this instance each oxygen atom has two-thirds of a full 
negative charge.) 

Calculations from theory show the equal charge density at each oxygen in the carbon- 
ate anion. Figure 1.4 shows a calculated electrostatic potential map of the electron den- 
sity in the carbonate ion. In an electrostatic potential map, regions of relatively more negative 
charge are red, while more positive regions (1.е., less negative regions) are indicated by col- 
ors trending toward blue. Equality of the bond lengths in the carbonate anion (partial dou- 
ble bonds as shown in the resonance hybrid above) is also evident in this model. 


1.8A How to Write Resonance Structures 


1. Resonance structures exist only on paper. Although they have no real existence of 
their own, resonance structures are useful because they allow us to describe mole- 
cules and ions for which a single Lewis structure is inadequate. We write two or more 
Lewis structures, calling them resonance structures or resonance contributors. We con- 
nect these structures by double-headed arrows (<=), and we say that the real mole- 
cule or ion is a hybrid of all of them. 

2. We are only allowed to move electrons in writing resonance structures. The 
positions of the nuclei of the atoms must remain the same in all of the structures. 


Helpful Hint 


Each type of arrow in organic 
chemistry (e.g., ©, ==, and <>) has 
a specific meaning. It is important 

that you use each type of arrow 
only for the purpose for which it is 
defined. 


Figure 1.4 A calculated 
electrostatic potential map for 
the carbonate anion, showing 
the equal charge distribution 
at the three oxygen atoms. 

In electrostatic potential maps 
like this one, colors trending 
toward red mean increasing 
concentration of negative 
charge, while those trending 
toward blue mean less negative 
(or more positive) charge. 
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Structure 3 is not a resonance structure of 1 or 2, for example, because in order to 
form it we would have to move a hydrogen atom and this is not permitted: 


CH,—ÓH-ÉCH3-CH, <> CH,-CH=CH—CH, ÓH,—CH,—CH—CH, 


1 2 3 
| ЦД a aM 
These аге resonance This is not a proper 
structures. resonance structure 


of 1 or 2 because 
a hydrogen atom 
has been moved. 


Generally speaking, when we move electrons, we move only those of multiple bonds (as 
in the example above) and those of nonbonding electron pairs. 
3. All of the structures must be proper Lewis structures. We should not write struc- 
tures in which carbon has five bonds, for example: 


This is not a proper resonance 
structure for methanol because 
| carbon has five bonds. 


- + Elements of the 
H 0—9 H first major row of the periodic 
H table cannot have more than 
eight electrons in their valence 
Shell. 


4. The energy of the resonance hybrid is lower than the energy of any contribut- 
ing structure. Resonance stabilizes a molecule or ion. This is especially true when 
the resonance structures are equivalent. Chemists call this stabilization resonance sta- 
bilization. If the resonance structures are equivalent, then the resonance stabi- 
lization is large. 


In Chapter 14 we shall find that benzene is highly resonance stabilized because it is a hybrid 
of the two equivalent forms that follow: 


> or 
Resonance structures Representation 
for benzene of hybrid 


5. The more stable a structure is (when taken by itself), the greater is its contri- 
bution to the hybrid. 


How do we decide whether one resonance structure is more stable than another? The fol- 
lowing rules will help us: 

1. The more covalent bonds a structure has, the more stable it is. Consider the res- 
onance structures for formaldehyde below. (Formaldehyde is a chemical used to pre- 
serve biological specimens.) Structure A has more covalent bonds, and therefore 
makes a larger contribution to the hybrid. In other words, the hybrid is more like struc- 
ture A than structure B. 


Four 1 in : Three 
covalent C covalent 
bonds bonds 
H woos H H ALT H 
A B 
More stable Less stable 


Resonance structures for formaldehyde 


These structures also illustrate two other considerations: 


2. Charge separation decreases stability. It takes energy to separate opposite charges, 
and therefore a structure with separated charges is less stable. Structure B for 
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1.8 Resonance Theory 


formaldehyde has separated plus and minus charges; therefore, on this basis, too, it 
is the less stable contributor and makes a smaller contribution to the hybrid. 

3. Structures in which all the atoms have a complete valence shell of electrons (i.e., 
the noble gas structure) are more stable. Look again at structure B. The carbon 
atom has only six electrons around it, whereas in A it has eight. On this basis we can 
conclude that A is more stable and makes a large contribution. e| 


Solved Problem 1.7 


The following is one way of writing the structure of the nitrate ion: 


However, considerable physical evidence indicates that all three nitrogen-oxygen bonds are equivalent and that 
they have the same length, a bond distance between that expected for a nitrogen-oxygen single bond and a 
nitrogen-oxygen double bond. Explain this in terms of resonance theory. 


STRATEGY AND ANSWER We recognize that if we move the electron pairs in the following way, we can write 
three different but equivalent structures for the nitrate ion: 


0 

GI 

о EN EN 
ОМО eO 

Since these structures differ from one another only in the positions of their electrons, they are resonance structures 

or resonance contributors. As such, no single structure taken alone will adequately represent the nitrate ion. The 

actual molecule will be best represented by a hybrid of these three structures. We might write this hybrid in the 

following way to indicate that all of the bonds are equivalent and that they are more than single bonds and less than 

double bonds. We also indicate that each oxygen atom bears an equal partial negative charge. This charge distrib- 

ution corresponds to what we find experimentally. 


Ors 
| А Hybrid structure for the 
—— Ss nitrate ion 
6 07 ~ o° 


(a) Write two resonance structures for the formate ion НСО» . (Note: The hydrogen and Review Problem 1.8 


oxygen atoms are bonded to the carbon.) (b) Explain what these structures predict for the 
carbon-oxygen bond lengths of the formate ion, and (c), for the electrical charge on the 
oxygen atoms. 


Write the resonance structure that would result from moving the electrons as the curved Review Problem 1.9 
arrows indicate. Be sure to include formal charges if needed. 
* 9 
q WU. 
Vas 
(a) C as 7 D SE" Gees a? 
2 FENS 
H H | 
H 
H 
(c) H \ 2? (à E ES ? 
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Review Problem 1.10 


Review Problem 1.11 
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Write the contributing resonance structures and resonance hybrid for each of the following: 


+ 
(a) CH;CH=CH—CH= OH (f) C 

3 n Ho ^ CH, 
(b) CH, —CH—CH—CH—CH, a 

pa (g) CH5—S—CH;z* 


(о) g (h) CH,—NO, 


(d) CH; —CH— Br 


CH, 
CY 


From each set of resonance structures that follow, designate the one that would contribute 
most to the hybrid and explain your choice: 


(a) CH,—N(CH;), — CH,=N(CH,), 


“O° :Ö:- 
(b) CH = <— CH с 
3 3 \ : 
О.н Он 


+ 2: 
(c) :NH,—C==N: <> NH,—C-—N:- 


1.9 Quantum Mechanics and Atomic Structure 


A theory of atomic and molecular structure was advanced independently and almost simul- 
taneously by three people in 1926: Erwin Schródinger, Werner Heisenberg, and Paul Dirac. 
This theory, called wave mechanics by Schródinger and quantum mechanics by 
Heisenberg, has become the basis from which we derive our modern understanding of bond- 
ing in molecules. At the heart of quantum mechanics are equations called wave functions 
(denoted by the Greek letter psi, y). 


€ Each wave function (07) corresponds to a different energy state for an electron. 
@ Each energy state is a sublevel where one or two electrons can reside. 


@ The energy associated with the state of an electron can be calculated from the 
wave function. 


9 The relative probability of finding an electron in a given region of space can be 
calculated from the wave function (Section 1.10). 


© The solution to a wave function can be positive, negative, or zero (Fig. 1.5). 


Figure 1.5 A wave moving across a lake is viewed 
along a slice through the lake. For this wave the 
wave function, w, 15 plus (+) in crests and minus (—) 
in troughs. At the average level of the lake it is zero; 
these places are called nodes. The magnitude of the 
crests and troughs is the amplitude (a) of the wave. 
The distance from the crest of one wave to the crest 
of the next is the wavelength (A, or lambda). 


Average level 
of lake 


1.10 Atomic Orbitals and Electron Configuration 


@ The phase sign of a wave equation indicates whether the solution is positive or 
negative when calculated for a given point in space relative to the nucleus. 


Wave functions, whether they are for sound waves, lake waves, or the energy of an electron, 
have the possibility of constructive interference and destructive interference. 


• Constructive interference occurs when wave functions with the same phase sign 
interact. There is a reinforcing effect and the amplitude of the wave function 
increases. 


ө Destructive interference occurs when wave functions with opposite phase signs 
interact. There is a subtractive effect and the amplitude of the wave function goes 
to zero or changes sign. 


Constructive interference of waves 


І А П 
Å— 
П П 1 A ! 
= ин 
ја | 
га 
i a À p еф 


Wave crests and troughs reinforce 


Destructive interference of waves 


1 À 1 
и 
Џ 1 
ја 
I— D — 
! : Wave crests and troughs cancel 
a A = wavelength 


a = amplitude 


Experiments have shown that electrons have properties of waves and particles, which was 
an idea first put forth by Louis de Broglie in 1923. Our discussion focuses on the wavelike 
properties of electrons, however. 


1.10 Atomic Orbitals and Electron Configuration 


A physical interpretation related to the electron wave function was put forth by Max Born 
in 1926, as follows. 


@ The square of a wave function (Y°) for a particular x,y,z location expresses the 
probability of finding an electron at that location in space. 


If the value of у“ is large in a unit volume of space, the probability of finding an electron 
in that volume is high—we say that the electron probability density is large. Conversely, 
if Y? for some other volume of space is small, the probability of finding an electron there 
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1s Orbital 


Noda 
surface 
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(+) B 


Ф 


2s Orbital 


A pure (unhybridized) There are three 2p orbitals, each 
2p orbital has two lobes. with a (+) and (-) lobe, 
aligned symmetrically along 
the x, y, and z axes. 


Figure 1.6 The shapes of some s and p orbitals. Pure, unhybridized p orbitals are almost-touching 
spheres. The p orbitals in hybridized atoms are lobe-shaped (Section 1.13). 


is low.* This leads to the general definition of an orbital and, by extension, to the familiar 
shapes of atomic orbitals. 


ө An orbital is a region of space where the probability of finding an electron is high. 


ө Atomic orbitals are plots of у“ in three dimensions. These plots generate the 
familiar s,p, and d orbital shapes. 


The volumes that we show are those that would contain the electron 90-95% of the time. 
There is a finite, but very small, probability of finding an electron at greater distance from 
the nucleus than shown in the plots. 

The shapes of s and p orbitals are shown in Fig. 1.6. 

All s orbitals are spheres. A 1s orbital is a simple sphere. A 2s orbital is a sphere with an 
inner nodal surface q^ = 0). The inner portion of the 25 orbital, (ә, has a negative phase sign. 

The shape of a p orbital is like that of almost-touching spheres or lobes. The phase sign 
of a 2p wave function, (2, is positive in one lobe and negative in the other. A nodal plane 
separates the two lobes of a p orbital, and the three p orbitals of a given energy level are 
arranged in space along the x, y, and z axes in a Cartesian coordinate system. 


@ The + and — signs of wave functions do not imply positive or negative charge or 
greater or lesser probability of finding an electron. 


e y? (the probability of finding an electron) is always positive, because squaring 
either a positive or negative solution to y leads to a positive value. 


Thus, the probability of finding an electron in either lobe of a p orbital is the same. We 
shall see the significance of the + and — signs later when we see how atomic orbitals com- 
bine to form molecular orbitals. 


1.10A Electron Configurations 
The relative energies of atomic orbitals in the first and second principal shells are as follows: 


@ Electrons in 15 orbitals have the lowest energy because they are closest to the posi- 
tive nucleus. 


6 Electrons in 2s orbitals are next lowest in energy. 
ө Electrons of the three 2p orbitals have equal but higher energy than the 2s orbital. 


*Integration of y? over all space must equal 1; that is, the probability of finding an electron somewhere in all of 
space is 100%. 


1.11 Molecular Orbitals 


9 Orbitals of equal energy (such as the three 2p orbitals) are called degenerate 
orbitals. 


We can use these relative energies to arrive at the electron configuration of any atom in 
the first two rows of the periodic table. We need follow only a few simple rules. 


1. Aufbau principle: Orbitals are filled so that those of lowest energy are filled first. 
(Aufbau is German for “building up.”) 


2. Pauli exclusion principle: A maximum of two electrons may be placed in each orbital 
but only when the spins of the electrons are paired. An electron spins about its own 
axis. For reasons that we cannot develop here, an electron is permitted only one or 
the other of just two possible spin orientations. We usually show these orientations 
by arrows, either 1 or |. Thus two spin-paired electrons would be designated UR 
Unpaired electrons, which are not permitted in the same orbital, are designated | 
(ог I). 

Hund's rule: When we come to orbitals of equal energy (degenerate orbitals) such 
as the three p orbitals, we add one electron to each with their spins unpaired until 
each of the degenerate orbitals contains one electron. (This allows the electrons, which 
repel each other, to be farther apart.) Then we begin adding a second electron to each 
degenerate orbital so that the spins are paired. 


> 


If we apply these rules to some of the second-row elements of the periodic table, we get 
the results shown in Fig. 1.7. 
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Figure 1.7 The ground state electron configurations of some second-row elements. 


1.11 Molecular Orbitals 


Atomic orbitals provide a means for understanding how atoms form covalent bonds. Let 
us consider a very simple case—formation of a bond between two hydrogen atoms to form 
a hydrogen molecule (Fig. 1.8). 

When two hydrogen atoms are relatively far apart their total energy is simply that of 
two isolated hydrogen atoms (I). Formation of a covalent bond reduces the overall energy 


IV I 
Nuclear No attraction 
repulsion 
—9:0— e · . € 


II 
Covalent 
bonding 


436 kilojoules mol 


Attraction between 
electrons and nuclei 


Figure 1.8 The potential energy of the 
hydrogen molecule as a function of 
Internuclear distance (r) internuclear distance. 
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of the system, however. As the two hydrogen atoms move closer together (II), each nucleus 
increasingly attracts the other's electron. This attraction more than compensates for the 
repulsive force between the two nuclei (or the two electrons). The result is a covalent bond 
(III), such that the internuclear distance is an ideal balance that allows the two electrons 
to be shared between both atoms while at the same time avoiding repulsive interactions 
between their nuclei. This ideal internuclear distance between hydrogen atoms is 0.74 À, 
and we call this the bond length in a hydrogen molecule. If the nuclei are moved closer 
together (IV) the repulsion of the two positively charged nuclei predominates, and the 
energy of the system rises. 

Notice that each H: has a shaded area around it, indicating that its precise position is 
uncertain. Electrons are constantly moving. 


9 According to the Heisenberg uncertainty principle, we cannot simultaneously 
know the position and momentum of an electron. 


These shaded areas in our diagram represent orbitals, and they result from applying the prin- 
ciples of quantum mechanics. Plotting the square of the wave function (Ш?) gives us a three- 
dimensional region called an orbital where finding an electron is highly probable. 


€ An atomic orbital represents the region of space where one or two electrons of an 
isolated atom are likely to be found. 


In the case of our hydrogen model above, the shaded spheres represent the 15 orbital of 
each hydrogen atom. As the two hydrogen atoms approach each other their 15 orbitals begin 
to overlap until their atomic orbitals combine to form molecular orbitals. 


€ A molecular orbital (MO) represents the region of space where one or two elec- 
trons of a molecule are likely to be found. 


€ An orbital (atomic or molecular) can contain a maximum of two spin-paired elec- 
trons (Pauli exclusion principle). 


@ When atomic orbitals combine to form molecular orbitals, the number of mole- 
cular orbitals that result always equals the number of atomic orbitals that 
combine. 


Thus, in the formation of a hydrogen molecule the two y, atomic orbitals combine to 
produce two molecular orbitals. Two orbitals result because the mathematical properties of 
wave functions permit them to be combined by either addition or subtraction. That is, they 
can combine either in or out of phase. 


9 A bonding molecular orbital (Wmolec) results when two orbitals of the same phase 
overlap (Fig. 1.9). 


6 An antibonding molecular orbital (И nolec) results when two orbitals of opposite 
phase overlap (Fig. 1.10). 


The bonding molecular orbital of a hydrogen molecule in its lowest energy (ground) state 
contains both electrons from the individual hydrogen atoms. The value of (and therefore 
also y?) is large between the nuclei, precisely as expected since the electrons are shared 


by both nuclei to form the covalent bond. 

Figure 1.9 (a) The overlapping of two + —— 
hydrogen 15 atomic orbitals with the 

same phase sign (indicated by their 


identical color) to form a bonding (а) VlSqatomic orbital) V lStatomic orbital) Bonding W (molecular orbital) 
molecular orbital. (6) The analogous 


overlapping of two waves with the 
same phase, resulting in constructive D + / N > ae = 
interference and enhanced amplitude. (b) 
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(a) (1 atomic orbital) V/lStatomic orbital) Antibonding VU (molecular orbital) 


Figure 1.10 (a) The overlapping of 

two hydrogen 1s atomic orbitals with 

opposite phase signs (indicated by their 

different colors) to form an antibonding 
Node molecular orbital. (b) The analogous 

overlapping of two waves with the 


| 
| 
| SUA oe Я 
/ " e е opposite sign, resulting in destructive 

(b) interference and decreased amplitude. A 
| node exists where complete cancellation 
| by opposite phases makes the value of 
] 


the combined wave function zero. 


The antibonding molecular orbital contains no electrons in the ground state of a hydro- 
gen molecule. Furthermore, the value of w (and therefore also y^) goes to zero between 
the nuclei, creating a node (y = 0). The antibonding orbital does not provide for electron 
density between the atoms, and thus it is not involved in bonding. 

What we have just described has its counterpart in a mathematical treatment called the 
LCAO (linear combination of atomic orbitals) method. In the LCAO treatment, wave 
functions for the atomic orbitals are combined in a linear fashion (by addition or subtrac- 
tion) in order to obtain new wave functions for the molecular orbitals. 

Molecular orbitals, like atomic orbitals, correspond to particular energy states for an elec- 
tron. Calculations show that the relative energy of an electron in the bonding molecular 
orbital of the hydrogen molecule is substantially less than its energy in a y, atomic orbital. 
These calculations also show that the energy of an electron in the antibonding molecular 
orbital is substantially greater than its energy in a yj, atomic orbital. 

An energy diagram for the molecular orbitals of the hydrogen molecule is shown in 
Fig. 1.11. Notice that electrons are placed in molecular orbitals in the same way that they 
are in atomic orbitals. Two electrons (with their spins opposed) occupy the bonding mol- 
ecular orbital, where their total energy is less than in the separate atomic orbitals. This is, 
as we have said, the lowest electronic state or ground state of the hydrogen molecule. An 
electron may occupy the antibonding molecular orbital in what is called an excited state 
for the molecule. This state forms when the molecule in the ground state (Fig. 1.11) absorbs 
a photon of light having the proper energy (AE). 


j W * molec(Antibonding) 
£ % 
# N 
"d N. 
Pi N 
y N 
Wis ls < ДЕ > Wins Wis 
Atomic. ,/ Atomic Figure 1.11 Energy diagram for the hydrogen 
orbital ~ ,' orbital molecule. Combination of two atomic orbitals, ул, gives 
N z , two molecular orbitals, Ymolec and W* molec. The energy of 
N Umolec(Bonding) Wmolec is lower than that of the separate atomic orbitals, 
Molecular and in the lowest electronic energy state of molecular 
orbitals hydrogen the bonding MO contains both electrons. 


1.12 The Structure of Methane and Ethane: sp? Hybridization 


The s and p orbitals used in the quantum mechanical description of the carbon atom, given 
in Section 1.10, were based on calculations for hydrogen atoms. These simple s and p 
orbitals do not, when taken alone, provide a satisfactory model for the tetravalent— 
tetrahedral carbon of methane (CH4, see Review Problem 1.12). However, a satisfactory 
model of methane's structure that is based on quantum mechanics can be obtained through 
an approach called orbital hybridization. Orbital hybridization, in its simplest terms, is 
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Figure 1.12 Hybridization of 
pure atomic orbitals of a carbon 
atom to produce sp? hybrid 
orbitals. 
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nothing more than a mathematical approach that involves the combining of individual wave 
functions for s and p orbitals to obtain wave functions for new orbitals. The new orbitals 
have, in varying proportions, the properties of the original orbitals taken separately. These 
new orbitals are called hybrid atomic orbitals. 

According to quantum mechanics, the electronic configuration of a carbon atom in its 
lowest energy state—called the ground state—is that given here: 


Cy | 1 1 
1s 25 гр, гр, гр, 


Ground state of a carbon atom 


The valence electrons of a carbon atom (those used in bonding) are those of the outer level, 
that is, the 2s and 2p electrons. 


1.12A The Structure of Methane 


Hybrid atomic orbitals that account for the structure of methane can be derived from 
carbon's second-shell s and p orbitals as follows (Fig. 1.12): 


€ Wave functions for the 25, 2p,, 2p,, and 2p. orbitals of ground state carbon аге 
mixed to form four new and equivalent 25р? hybrid orbitals. 


@ The designation sp? signifies that the hybrid orbital has one part s orbital character 
and three parts p orbital character. 


6€ The mathematical result is that the four 2sp? orbitals are oriented at angles of 
109.5? with respect to each other. This is precisely the orientation of the four 
hydrogen atoms of methane. Each H— C —H bond angle is 109.5°. 


2s Orbital 


2p, Orbital 


2p, Orbital 


2р, Orbital 


pus 


Four sp? hybrid 
orbitals. 
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Figure 1.13 The hypothetical formation of 
methane from an sp?-hybridized carbon 

atom and four hydrogen atoms. In orbital 
hybridization we combine orbitals, not 
electrons. The electrons can then be placed 
in the hybrid orbitals as necessary for bond 
formation, but always in accordance with the 
Pauli principle of no more than two electrons 
(with opposite spin) in each orbital. In this 
illustration we have placed one electron in 
each of the hybrid carbon orbitals. In addition, 
we have shown only the bonding molecular 
orbital of each C—H bond because these are 
the orbitals that contain the electrons in the 


Methane, СН, 


If, in our imagination, we visualize the hypothetical formation of methane from an sp?- 
hybridized carbon atom and four hydrogen atoms, the process might be like that shown in 
Fig. 1.13. For simplicity we show only the formation of the bonding molecular orbital for 
each carbon-hydrogen bond. We see that an sp^-hybridized carbon gives a tetrahedral struc- 
ture for methane, and one with four equivalent C—H bonds. 


(a) Consider a carbon atom in its ground state. Would such an atom offer a satisfactory 
model for the carbon of methane? If not, why not? (Hint: Consider whether a ground 
state carbon atom could be tetravalent, and consider the bond angles that would result 
if it were to combine with hydrogen atoms.) 


(b) Consider a carbon atom in the excited state: 


СЛЕ ob 1. 1 
1s 2s 2p, 2p, 2p, 


Excited state of a carbon atom 


Would such an atom offer a satisfactory model for the carbon of methane? If not, why not? 


In addition to accounting properly for the shape of methane, the orbital hybridization 
model also explains the very strong bonds that are formed between carbon and hydrogen. 
To see how this is so, consider the shape of an individual sp? orbital shown in Fig. 1.14. 
Because an sp? orbital has the character of a p orbital, the positive lobe of an sp? orbital is 
large and extends relatively far from the carbon nucleus. 

It is the positive lobe of an sp? orbital that overlaps with the positive 1s orbital of hydro- 
gen to form the bonding molecular orbital of a carbon-hydrogen bond (Fig. 1.15). Because 
the positive lobe of the sp? orbital is large and is extended into space, the overlap between 
it and the 15 orbital of hydrogen is also large, and the resulting carbon-hydrogen bond is 
quite strong. 


2:0 Q-—-o 
Sp? Orbital 1s Orbital Carbon-hydrogen bond 


(bonding MO) 
Figure 1.15 Formation of a C—H bond. 


lowest energy state of the molecule. 


Review Problem 1.12 


o: 


Figure 1.14 The shape of an sp? 
orbital. 
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Figure 1.16 A c (sigma) bond. 
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The bond formed from the overlap of an sp? orbital and a 15 orbital is an example of a 
sigma (о) bond (Fig. 1.16). 


€ A sigma (о) bond has a circularly symmetrical orbital cross section when viewed 
along the bond between two atoms. 


9 All purely single bonds are sigma bonds. 


From this point on we shall often show only the bonding molecular orbitals because they 
are the ones that contain the electrons when the molecule is in its lowest energy state. 
Consideration of antibonding orbitals is important when a molecule absorbs light and in 
explaining certain reactions. We shall point out these instances later. 

In Fig. 1.17 we show a calculated structure for methane where the tetrahedral geome- 
try derived from orbital hybridization is clearly apparent. 


Figure 1.17 (а) In this structure of methane, based on 


quantum mechanical calculations, the inner solid surface 
represents a region of high electron density. High 
electron density is found in each bonding region. The 
outer mesh surface represents approximately the furthest 
extent of overall electron density for the molecule. 

(b) This ball-and-stick model of methane is like the kind 
you might build with a molecular model kit. (c) This 
structure is how you would draw methane. Ordinary lines 
are used to show the two bonds that are in the plane of 
the paper, a solid wedge is used to show the bond that is 
in front of the paper, and a dashed wedge is used to 
show the bond that is behind the plane of the paper. 


(b) (c) 


1.12B The Structure of Ethane 


The bond angles at the carbon atoms of ethane, and of all alkanes, are also tetrahedral like 
those in methane. A satisfactory model for ethane can be provided by sp^-hybridized car- 
bon atoms. Figure 1.18 shows how we might imagine the bonding molecular orbitals of an 
ethane molecule being constructed from two sp? -hybridized carbon atoms and six hydro- 
gen atoms. 

The carbon-carbon bond of ethane is a sigma bond with cylindrical symmetry, formed 
by two overlapping sp? orbitals. (The carbon-hydrogen bonds are also sigma bonds. They 
are formed from overlapping carbon sp? orbitals and hydrogen s orbitals.) 


@ Rotation of groups joined by a single bond does not usually require a large amount 
of energy. 


Consequently, groups joined by single bonds rotate relatively freely with respect to one 
another. (We discuss this point further in Section 4.8.) In Fig. 1.19 we show a calculated 
structure for ethane in which the tetrahedral geometry derived from orbital hybridization 
is clearly apparent. 
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A sigma 
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Sigma bonds 


Figure 1.18 The hypothetical formation of 
the bonding molecular orbitals of ethane 
from two sp?-hybridized carbon atoms and 
six hydrogen atoms. All of the bonds are 
sigma bonds. (Antibonding sigma molecular 
orbitals—called о“ orbitals—are formed in 
each instance as well, but for simplicity 
these are not shown.) 


Figure 1.19 (a) In this structure of ethane, based 
on quantum mechanical calculations, the inner solid 
surface represents a region of high electron density. 
High electron density is found in each bonding 
H region. The outer mesh surface represents 
approximately the furthest extent of overall electron 
density for the molecule. (b) A ball-and-stick model 
of ethane, like the kind you might build with a 
molecular model kit. (c) A structural formula for 
ethane as you would draw it using lines, wedges, 
and dashed wedges to show in three dimensions its 
(c) tetrahedral geometry at each carbon. 


We make frequent use in this book of molecular models 
derived from quantum mechanical calculations. These mod- 
els will help us visualize the shapes of molecules as well as 
understand their properties and reactivity. A useful type of 


Dimethyl ether 


Calculated Molecular Models: Electron Density Surfaces 


model is one that shows a calculated three-dimensional sur- 
face at which a chosen value of electron density is the same 
all around a molecule, called an electron density surface. 
If we make a plot where the value chosen is for low electron 
density, the result is a van der Waals surface, the surface that 
represents approximately the overall shape of a molecule as 
determined by the furthest extent of its electron cloud. On 
the other hand, if we make a plot where the value of elec- 
tron density is relatively high, the resulting surface is one that 
approximately represents the region of covalent bonding in 
a molecule. Surfaces of low and high electron density are 
shown in this box for dimethyl ether. Similar models are 
shown for methane and ethane in Figs. 1.17 and 1.19. 


30 


Chapter 1 The Basics—Bonding and Molecular Structure 


1.13 The Structure of Ethene (Ethylene): sp? Hybridization 


Figure 1.20 The structure and bond angles of 
ethene. The plane of the atoms is perpendicular to 
the paper. The dashed wedge bonds project behind 
the plane of the paper, and the solid wedge bonds 


project in front of the paper. 


Figure 1.21 A process for deriving 
sp?-hybridized carbon atoms. 


The carbon atoms of many of the molecules that we have considered so far have used their 
four valence electrons to form four single covalent (sigma) bonds to four other atoms. We 
find, however, that many important organic compounds exist in which carbon atoms share 
more than two electrons with another atom. In molecules of these compounds some bonds 
that are formed are multiple covalent bonds. When two carbon atoms share two pairs of 
electrons, for example, the result is a carbon-carbon double bond: 


С::С or (C=C 


Hydrocarbons whose molecules contain a carbon-carbon double bond are called alkenes. 
Ethene (C2H4) and propene (C3He) are both alkenes. (Ethene is also called ethylene, and 
propene is sometimes called propylene.) 


H H H H 
N c— "dl $ c— d 
н“ ^u нс“ ^u 
Ethene Propene 


In ethene the only carbon-carbon bond is a double bond. Propene has one carbon-carbon 
single bond and one carbon-carbon double bond. 

The spatial arrangement of the atoms of alkenes is different from that of alkanes. The 
six atoms of ethene are coplanar, and the arrangement of atoms around each carbon atom 
is triangular (Fig. 1.20). 


6€ Carbon-carbon double bonds are comprised of sp’-hybridized carbon atoms. 


The mathematical mixing of orbitals that furnish the sp? orbitals for our model can be visu- 
alized in the way shown in Fig. 1.21. The 2s orbital is mathematically mixed (or hybridized) 
with two of the 2p orbitals. (The hybridization procedure applies only to the orbitals, not 
to the electrons.) One 2p orbital is left unhybridized. One electron is then placed in each 
of the sp? hybrid orbitals and one electron remains in the 2p orbital. 

The three sp? orbitals that result from hybridization are directed toward the corners of 
a regular triangle (with angles of 120? between them). The carbon p orbital that is not 


Ground state Excited state sp^-Hybridized state 
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hybridized is perpendicular to the plane of the triangle formed by the hybrid sp? orbitals y 
(Fig. 1.22). 
In our model for ethene (Fig. 1.23) we see the following: 


Sp? Orbital 
2 un . sp? Orbital = 
€ Two sp*-hybridized carbon atoms form a sigma (с) bond between them ~ 


by overlap of one sp? orbital from each carbon. The remaining carbon Orbital Ё. 
а : p Orbita E——x 
зр“ orbitals form ø bonds to four hydrogens through overlap with the 
hydrogen 15 orbitals. These five с bonds account for 10 of the 12 valence = sp2 Orbital 


electrons contributed by the two carbons and four hydrogens, and comprise the 
o-bond framework of the molecule. 


p Orbitals Figure 1.22 An sp*-hybridized 
carbon atom. 


o Bonds 


Figure 1.23 A model for the bonding 
molecular orbitals of ethene formed from two 
sp?-hybridized carbon atoms and four 
hydrogen atoms. 


@ The remaining two bonding electrons are each located in an unhybridized p orbital 
of each carbon. Sideways overlap of these p orbitals and sharing of the two elec- 
trons between the carbons leads to a pi (зт) bond. The overlap of these orbitals is 
shown schematically in Fig. 1.24. 


Figure 1.24 (a) A wedge-dashed wedge 
formula for the sigma bonds in ethene and a 
schematic depiction of the overlapping of 
adjacent p orbitals that form the т bond. (b) А 
calculated structure for ethene. The blue and 
red colors indicate opposite phase signs in 
each lobe of the т molecular orbital. A ball- 
and-stick model for the с bonds in ethene can 
л Bond be seen through the mesh that indicates the 
(a) (b) a bond. 


The bond angles that we would predict on the basis of sp’-hybridized carbon atoms (120° 
all around) are quite close to the bond angles that are actually found (Fig. 1.20). 

We can better visualize how these p orbitals interact with each other if we view a struc- 
ture showing calculated molecular orbitals for ethene (Fig. 1.24). We see that the parallel 
p orbitals overlap above and below the plane of the o framework. 

Note the difference in shape of the bonding molecular orbital of a т bond as contrasted 
to that of a с bond. А ø bond has cylindrical symmetry about a line connecting the two 
bonded nuclei. A т bond has a nodal plane passing through the two bonded nuclei and 
between the 7 molecular orbital lobes. 


@ When two p atomic orbitals combine to form а т bond, two molecular orbitals 
form: One is a bonding molecular orbital and the other is an antibonding molecular 
orbital. 
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Antibonding z* 
5 molecular orbital 


Figure 1.25 How two isolated 
carbon p orbitals combine to 
form two тт (pi) molecular | | 
orbitals. The bonding MO is of T ТЕ 
lower energy. The higher energy Two isolated carbon p orbitals 
antibonding MO contains an 

additional node. (Both orbitals 

have a node in the plane Bonding л 
containing the C and H atoms.) molecular orbital 


The bonding 7 molecular orbital results when p-orbital lobes of like signs overlap; the 
antibonding 7 molecular orbital results when opposite signs overlap (Fig. 1.25). 

The bonding 7 orbital is the lower energy orbital and contains both т electrons (with 
opposite spins) in the ground state of the molecule. The region of greatest probability of 
finding the electrons in the bonding 7 orbital is a region generally situated above and below 
the plane of the o-bond framework between the two carbon atoms. The antibonding 7* 
orbital is of higher energy, and it is not occupied by electrons when the molecule is in the 
ground state. It can become occupied, however, if the molecule absorbs light of the right 
frequency and an electron is promoted from the lower energy level to the higher one. The 
antibonding 7r* orbital has a nodal plane between the two carbon atoms. 

SMO @ To summarize, a carbon-carbon double bond consists of опе ø bond and one 7 bond. 
viter The ø bond results from two sp? orbitals overlapping end to end and is symmetrical about 
an axis linking the two carbon atoms. The 7 bond results from a sideways overlap of two 
Д х МО p orbitals; it has a nodal plane like a p orbital. In the ground state the electrons of the т 
| bond are located between the two carbon atoms but generally above and below the plane 
dL c MO of the a-bond framework. 
The relative energies of 


и л" MO 


Electrons of the 7 bond have greater energy than electrons of the ø bond. The relative 
electrons involved:in-o-and + energies of the ø and 7 molecular orbitals (with the electrons in the ground state) are shown 
bonds. in the margin diagram. (The o* orbital is the antibonding sigma orbital.) 


1.13A Restricted Rotation and the Double Bond 


The o—7 model for the carbon-carbon double bond also accounts for an important property 
of the double bond: 


@ There is a large energy barrier to rotation associated with groups joined by a dou- 
ble bond. 


Maximum overlap between the p orbitals of a 7 bond occurs when the axes of the p orbitals 
are exactly parallel. Rotating one carbon of the double bond 90? (Fig. 1.26) breaks the 7r 
bond, for then the axes of the p orbitals are perpendicular and there is no net overlap between 
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them. Estimates based on thermochemical calculations indicate that the strength of the 7 
bond is 264 kJ тог" !. This, then, is the barrier to rotation of the double bond. It is markedly 
higher than the rotational barrier of groups joined by carbon-carbon single bonds 
(13-26 kJ то!“ !). While groups joined by single bonds rotate relatively freely at room 
temperature, those joined by double bonds do not. 


1.13B Cis- Trans lsomerism 


Restricted rotation of groups joined by a double bond causes a new type of isomerism that 
we illustrate with the two dichloroethenes written as the following structures: 


CI H H CI 
Nf NM 
C C 


Í Í 
ZN Z6 ~ 
CI H CI H 


cis-1,2-Dichloroethene trans-1 ,2-Dichloroethene 


@ These two compounds are isomers; they are different compounds that have the 
same molecular formula. 


We can tell that they are different compounds by trying to place a model of one compound 
on a model of the other so that all parts coincide, that is, to try to superpose one on the 
other. We find that it cannot be done. Had one been superposable on the other, all parts of 
one model would correspond in three dimensions exactly with the other model. (The notion 
of superposition is different from simply superimposing one thing on another. The latter 
means only to lay one on the other without the necessary condition that all parts coincide.) 


@ We indicate that they are different isomers by attaching the prefix cis or trans to 
their names (cis, Latin: on this side; trans, Latin: across). 


cis-1,2-Dichloroethene and trans-1,2-dichloroethene are not constitutional isomers because 
the connectivity of the atoms is the same in each. The two compounds differ only in the 
arrangement of their atoms in space. Isomers of this kind are classified formally as 
stereoisomers, but often they are called simply cis—trans isomers. (We shall study stereoiso- 
merism in detail in Chapters 4 and 5.) 

The structural requirements for cis—trans isomerism will become clear if we consider 
a few additional examples. 1,1-Dichloroethene and 1,1,2-trichloroethene do not show this 
type of isomerism. 


e. P. e „“ 
С=С С=С 
/ b" Z ҳ 
СІ H CI H 
1,1-Dichloroethene 1,1,2-Trichloroethene 


(no cis-trans isomerism) (no cis-trans isomerism) 


Figure 1.26 A stylized depiction of how rotation of 
a carbon atom of a double bond through an angle of 
90° results in breaking of the т bond. 
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1,2-Difluoroethene and 1,2-dichloro-1,2-difluoroethene do exist as cis-trans isomers. Notice 
that we designate the isomer with two identical groups on the same side as being cis: 


29 JF F Ра. 
yo а P om 29 
H H H F 
cis-1,2-Difluoroethene trans-1,2-Difluoroethene 
F F F CI 
ЊУ / N / 
С=С C=C 
/ ~ / x 
CI CI CI F 


cis-1,2-Dichloro-1,2-difluoroethene — trans-1,2-Dichloro-1,2-difluoroethene 


Clearly, then, cis-trans isomerism of this type is not possible if one carbon atom of 
the double bond bears two identical groups. 


Review Problem 1.13 Which of the following alkenes can exist as cis-trans isomers? Write their structures. Build 
handheld models to prove that one isomer is not superposable on the other. 


(a) CH2— CHCH;CHs (c) CH2—C(CH3)» 
(b) CH3CH=CHCH3 (d) CHGCH;CH—CHCI 


1.14 The Structure of Ethyne (Acetylene): sp Hybridization 


Hydrocarbons in which two carbon atoms share three pairs of electrons between them, and 
are thus bonded by a triple bond, are called alkynes. The two simplest alkynes are ethyne 


and propyne. 
H—C=C—H CH3;—C=C—H 
Ethyne Propyne 
(acetylene) (C3H4) 
(C2H2) 


Ethyne, a compound that is also called acetylene, consists of a linear arrangement of 
atoms. The H— C=C bond angles of ethyne molecules are 180°: 


Ee Н 
180° 180° 

We can account for the structure of ethyne on the basis of orbital hybridization as we 
did for ethane and ethene. In our model for ethane (Section 1.12B) we saw that the carbon 
orbitals are sp? hybridized, and in our model for ethene (Section 1.13) we saw that they 
are sp? hybridized. In our model for ethyne we shall see that the carbon atoms are sp 
hybridized. 

The mathematical process for obtaining the sp hybrid orbitals of ethyne can be visualized 
in the following way (Fig. 1.27). 


Ground state Excited state sp-Hybridized state 
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Figure 1.27 A process for deriving , 
sp-hybridized carbon atoms. Prom з 


1.14 The Structure of Ethyne (Acetylene): sp Hybridization 


@ The 2s orbital and one 2p orbital of carbon are hybridized to form two sp orbitals. p Orbitals 


The remaining two 2p orbitals are not hybridized. 

Calculations show that the sp hybrid orbitals have their large positive lobes 
oriented at an angle of 180? with respect to each other. The two 2p orbitals 
that were not hybridized are each perpendicular to the axis that passes 
through the center of the two sp orbitals (Fig. 1.28). We place one electron 
in each orbital. 

We envision the bonding molecular orbitals of ethyne being formed in the follow- 
ing way (Fig. 1.29). 


sp Orbital 


» sp Orbital 


Figure 1.28 An sp-hybridized 
carbon atom. 


, Figure 1.29 Formation of the bonding molecular 
orbitals of ethyne from two sp-hybridized carbon 
atoms and two hydrogen atoms. (Antibonding 
orbitals are formed as well, but these have been 
omitted for simplicity.) 


@ Two carbon atoms overlap sp orbitals to form a sigma bond between them (this 
is one bond of the triple bond). The remaining two sp orbitals at each carbon 
atom overlap with s orbitals from hydrogen atoms to produce two sigma C—H 
bonds. 


@ The two p orbitals on each carbon atom also overlap side to side to form two 7 
bonds. These are the other two bonds of the triple bond. 


@ The carbon-carbon triple bond consists of two т bonds and one ø bond. 


Structures for ethyne based on calculated molecular orbitals and electron density are shown 
in Fig. 1.30. Circular symmetry exists along the length of a triple bond (Fig. 1.305). As a 
result, there is no restriction of rotation for groups joined by a triple bond (as compared 
with alkenes), and if rotation would occur, no new compound would form. 


(a) (b) (c) 


Figure 1.30 (a) The structure of ethyne (acetylene) showing the sigma-bond framework and a 
schematic depiction of the two pairs of p orbitals that overlap to form the two z bonds in ethyne. 

(b) A structure of ethyne showing calculated z molecular orbitals. Two pairs of 7 molecular orbital 
lobes are present, one pair for each 7 bond. The red and blue lobes in each 7 bond represent 
opposite phase signs. The hydrogen atoms of ethyne (white spheres) can be seen at each end of 

the structure (the carbon atoms are hidden by the molecular orbitals). (c) The mesh surface in this 
structure represents approximately the furthest extent of overall electron density in ethyne. Note that 
the overall electron density (but not the 7-bonding electrons) extends over both hydrogen atoms. 
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Figure 1.31 Bond angles and 
bond lengths of ethyne, ethene, 
and ethane. 
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1.14A Bond Lengths of Ethyne, Ethene, and Ethane 


The carbon-carbon triple bond of ethyne is shorter than the carbon-carbon double bond of 
ethene, which in turn is shorter than the carbon-carbon single bond of ethane. The reason 
is that bond lengths are affected by the hybridization states of the carbon atoms involved. 


© The greater the s orbital character in one or both atoms, the shorter is the bond. 
This is because s orbitals are spherical and have more electron density closer to the 
nucleus than do p orbitals. 


© The greater the p orbital character in one or both atoms, the longer is the bond. 
This is because p orbitals are lobe-shaped with electron density extending away 
from the nucleus. 


In terms of hybrid orbitals, an sp hybrid orbital has 5096 s character and 50% p character. 
An sp? hybrid orbital has 3396 s character and 67% p character. An sp? hybrid orbital has 
25% s character and 75% p character. The overall trend, therefore, is as follows: 


€ Bonds involving sp hybrids are shorter than those involving sp? hybrids, which are 
shorter than those involving sp? hybrids. This trend holds true for both C—C and 
C—H bonds. 


The bond lengths and bond angles of ethyne, ethene, and ethane are summarized in 
Fig. 1.31. 


1.20 À 


1.15 A Summary of Important Concepts That 
Come from Quantum Mechanics 


1. An atomic orbital (AO) corresponds to a region of space about the nucleus of a sin- 
gle atom where there is a high probability of finding an electron. Atomic orbitals 
called s orbitals are spherical; those called p orbitals are like two almost-tangent 
spheres. Orbitals can hold a maximum of two electrons when their spins are paired. 
Orbitals are described by the square of a wave function, y^, and each orbital has a 
characteristic energy. The phase signs associated with an orbital may be + or —. 


2. When atomic orbitals overlap, they combine to form molecular orbitals (MOs). 
Molecular orbitals correspond to regions of space encompassing two (or more) nuclei 
where electrons are to be found. Like atomic orbitals, molecular orbitals can hold up 
to two electrons if their spins are paired. 


1.15 A Summary of Important Concepts That Come from Quantum Mechanics 


3. When atomic orbitals with the same phase sign interact, they combine to form a bond- 


ing molecular orbital: 


.-o 


Bonding 
molecular 
orbital 


The electron probability density of a bonding molecular orbital is large in the region of space 
between the two nuclei where the negative electrons hold the positive nuclei together. 


4. Anantibonding molecular orbital forms when orbitals of opposite phase sign overlap: 


е ә-% 


An antibonding orbital has higher energy than а bonding orbital. The electron proba- 
bility density of the region between the nuclei is small and it contains a node—a region 
where y = 0. Thus, having electrons in an antibonding orbital does not help hold the nuclei 
together. The internuclear repulsions tend to make them fly apart. 


5. 


10. 


11. 


12. 


The energy of electrons in a bonding molecular orbital is less than the energy of 
the electrons in their separate atomic orbitals. The energy of electrons in an anti- 
bonding orbital is greater than that of electrons in their separate atomic orbitals. 


. The number of molecular orbitals always equals the number of atomic orbitals 


from which they are formed. Combining two atomic orbitals will always yield two 
molecular orbitals—one bonding and one antibonding. 


. Hybrid atomic orbitals are obtained by mixing (hybridizing) the wave functions 


for orbitals of different types (i.e., s and p orbitals) but from the same atom. 


. Hybridizing three p orbitals with one s orbital yields four sp? orbitals. Atoms that 


are sp? hybridized direct the axes of their four sp? orbitals toward the corners of a 
tetrahedron. The carbon of methane is sp? hybridized and tetrahedral. 


. Hybridizing two p orbitals with one s orbital yields three sp? orbitals. Atoms that 


are sp? hybridized point the axes of their three sp? orbitals toward the corners of an 
equilateral triangle. The carbon atoms of ethene are sp? hybridized and trigonal 
planar. 


Hybridizing one p orbital with one s orbital yields two sp orbitals. Atoms that are 
sp hybridized orient the axes of their two sp orbitals in opposite directions (at an 
angle of 180°). The carbon atoms of ethyne are sp hybridized and ethyne is a linear 
molecule. 


A sigma (ø) bond (a type of single bond) is опе in which the electron density has 
circular symmetry when viewed along the bond axis. In general, the skeletons of 
organic molecules are constructed of atoms linked by sigma bonds. 


A pi (77) bond, part of double and triple carbon-carbon bonds, is one in which the 
electron densities of two adjacent parallel p orbitals overlap sideways to form a bond- 
ing pi molecular orbital. 
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Helpful Hint 


A summary of sp?, sp?, and sp 
hybrid orbital geometries. 
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1.16 Molecular Geometry: The Valence Shell 
Electron Pair Repulsion Model 


Figure 1.32 A tetrahedral shape 
for methane allows the 
maximum separation of the four 
bonding electron pairs. 


Review Problem 1.14 


We can predict the arrangement of atoms in molecules and ions on the basis of a relatively 
simple idea called the valence shell electron pair repulsion (VSEPR) model. 
We apply the VSEPR model in the following way: 


1. We consider molecules (or ions) in which the central atom is covalently bonded to 
two or more atoms or groups. 

2. We consider all of the valence electron pairs of the central atom— both those that are 
shared in covalent bonds, called bonding pairs, and those that are unshared, called 
nonbonding pairs or unshared pairs or lone pairs. 

3. Because electron pairs repel each other, the electron pairs of the valence shell tend 
to stay as far apart as possible. The repulsion between nonbonding pairs is generally 
greater than that between bonding pairs. 

4. We arrive at the geometry of the molecule by considering all of the electron pairs, 
bonding and nonbonding, but we describe the shape of the molecule or ion by refer- 
ring to the positions of the nuclei (or atoms) and not by the positions of the electron 
pairs. 


Consider the following examples. 


1.16А Methane 


The valence shell of methane contains four pairs of bonding electrons. Only a tetrahedral 
orientation will allow four pairs of electrons to have equal and maximum possible separa- 
tion from each other (Fig. 1.32). Any other orientation, for example, a square planar arrange- 
ment, places some electron pairs closer together than others. Thus, methane has a tetrahedral 
shape. 

The bond angles for any atom that has a regular tetrahedral structure are 109.5°. A rep- 
resentation of these angles in methane is shown in Fig. 1.33. 


Figure 1.33 The bond angles of 
methane are 109.5°. 


1.168 Ammonia 


The shape of a molecule of ammonia (NH3) is a trigonal pyramid. There are three bond- 
ing pairs of electrons and one nonbonding pair. The bond angles in a molecule of ammo- 
nia are 107°, a value very close to the tetrahedral angle (109.5°). We can write a general 
tetrahedral structure for the electron pairs of ammonia by placing the nonbonding pair at 
one corner (Fig. 1.34). A tetrahedral arrangement of the electron pairs explains the trigo- 
nal pyramidal arrangement of the four atoms. The bond angles are 107° (not 109.5°) because 
the nonbonding pair occupies more space than the bonding pairs. 


What do the bond angles of ammonia suggest about the hybridization state of the nitrogen 
atom of ammonia? 


1.16 Molecular Geometry: The Valence Shell Electron Pair Repulsion Model 


1.16C Water 


A molecule of water has an angular or bent shape. The Н—О—Н bond angle in a 
molecule of water is 104.5°, an angle that is also quite close to the 109.5? bond angles of 
methane. 

We can write a general tetrahedral structure for the electron pairs of a molecule of water 
if we place the two bonding pairs of electrons and the two nonbonding electron pairs at 
the corners of the tetrahedron. Such a structure is shown in Fig. 1.35. A tetrahedral arrange- 
ment of the electron pairs accounts for the angular arrangement of the three atoms. The 
bond angle is less than 109.5? because the nonbonding pairs are effectively "larger" than 
the bonding pairs and, therefore, the structure is not perfectly tetrahedral. 


> Du E » 
H \ H 
4 3 Ma 
| 052 


io 


What do the bond angles of water suggest about the hybridization state of the oxygen atom 
of water? 


1.16D Boron Trifluoride 


Boron, a group IIIA element, has only three valence electrons. In the compound boron tri- 
fluoride (BF3) these three electrons are shared with three fluorine atoms. As a result, the 
boron atom in BFs has only six electrons (three bonding pairs) around it. Maximum sepa- 
ration of three bonding pairs occurs when they occupy the corners of an equilateral trian- 
gle. Consequently, in the boron trifluoride molecule the three fluorine atoms lie in a plane 
at the corners of an equilateral triangle (Fig. 1.36). Boron trifluoride is said to have a trig- 
onal planar structure. The bond angles are 120°. 


Figure 1.34 The tetrahedral 
arrangement of the electron 
pairs of an ammonia molecule 
that results when the 
nonbonding electron pair is 
considered to occupy one 
corner. This arrangement of 
electron pairs explains the 
trigonal pyramidal shape of the 
NH3 molecule. Ball-and-stick 
models do not show unshared 
electrons. 


Figure 1.35 An approximately 
tetrahedral arrangement of the 
electron pairs of a molecule of 
water that results when the pairs 
of nonbonding electrons are 
considered to occupy corners. 
This arrangement accounts for 
the angular shape of the H2O 
molecule. 


Review Problem 1.15 


Figure 1.36 The triangular (trigonal planar) 
shape of boron trifluoride maximally 
separates the three bonding pairs. 
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Review Problem 1.16 


Review Problem 1.17 


Review Problem 1.18 


Review Problem 1.19 
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What do the bond angles of boron trifluoride suggest about the hybridization state of the 
boron atom? 


1.16E Beryllium Hydride 


The central beryllium atom of BeH% has only two electron pairs around it; both electron 
pairs are bonding pairs. These two pairs are maximally separated when they are on oppo- 
site sides of the central atom, as shown in the following structures. This arrangement of 
the electron pairs accounts for the linear geometry of the BeHo molecule and its bond angle 


of 180°. 
1802 
H:Be:H or HÍ—Be—-H PE E 


Linear geometry of BeH, 


What do the bond angles of beryllium hydride suggest about the hybridization state of the 
beryllium atom? 


Use VSEPR theory to predict the geometry of each of the following molecules and ions: 
(а) BH4- (c) NH4* (e) ВНз (g) SIF, 
(b) Веб; (d) H2S (f) CF4 (же и 


1.16F Carbon Dioxide 


The VSEPR method can also be used to predict the shapes of molecules containing mul- 
tiple bonds if we assume that all of the electrons of a multiple bond act as though they were 
a single unit and, therefore, are located in the region of space between the two atoms joined 
by a multiple bond. 

This principle can be illustrated with the structure of a molecule of carbon dioxide (CO;). 
The central carbon atom of carbon dioxide is bonded to each oxygen atom by a double bond. 
Carbon dioxide is known to have a linear shape; the bond angle is 180°. 


The four electrons of each 
double bond act as a 


о ae 0, Onco single unit and are maximally ooo 
OT re OT, за Ини separated from each other. 


Such a structure is consistent with a maximum separation of the two groups of four bond- 
ing electrons. (The nonbonding pairs associated with the oxygen atoms have no effect on 
the shape.) 


Predict the bond angles of 
(a) Е;С=<СР2 (b) СНзС==ССНз (c) HC=N 


The shapes of several simple molecules and ions as predicted by VSEPR theory are 
shown in Table 1.4. In this table we have also included the hybridization state of the cen- 
tral atom. 


41 


1.17 How to Interpret and Write Structural Formulas 


| TABLE 1.4 | |) Shapes of Molecules and lons from VSEPR Theory 


Number of Electron 


Pairs at Central Atom Hybridization Shape of 
State of Molecule 
Bonding Nonbonding Total Central Atom or lon? Examples 
2 0 2 sp Linear Вен» 
3 0 3 sp? Trigonal planar ВЕз, СНа“ 
4 0 4 sp? Tetrahedral CH4, МНД? 
3 1 4 — sp? Trigonal pyramidal NH3, СНз 
2 2 4 —sp? Angular H20 


?Referring to positions of atoms and excluding nonbonding pairs. 


1.17 How to Interpret and Write Structural Formulas 


Organic chemists use a variety of ways to write structural formulas. The most common types 
of representations are shown in Fig. 1.37 using propyl alcohol as an example. The dot struc- 
ture shows all of the valence electrons, but writing it is tedious and time-consuming. The 
other representations are more convenient and are, therefore, more often used. 

Sometimes we even omit unshared pairs when we write formulas. However, when we 
write chemical reactions, we see that it is necessary to include the unshared electron pairs 
when they participate in the reaction. It is a good idea, therefore, to get into the habit of 
writing the unshared (nonbonding) electron pairs in the structures you draw. 


HHH | 
Ө 566668 н—с—с—с—б—н снон,сн,ӧн OH 
HHA aa 


" a " н н H 


Ball-and-stick model Dot formula Dash formula Condensed formula _ Bond-line formula 
(a) (b) (о) (d) (e) 


Figure 1.37 Structural formulas for propyl alcohol. 


1.17A Dash Structural Formulas 


If we look at the model for propyl alcohol given in Fig. 1.37a and compare it with the dot, 
dash, and condensed formulas in Figs. 1.37b—d we find that the chain of atoms is straight 
in those formulas. In the model, which corresponds more accurately to the actual shape of 
the molecule, the chain of atoms is not at all straight. Also of importance is this: Atoms 
joined by single bonds can rotate relatively freely with respect to one another. (We dis- 
cussed this point briefly in Section 1.12B.) This relatively free rotation means that the chain 
of atoms in propyl alcohol can assume a variety of arrangements like these: 


H 
VA 
P. Ра aN p uM Pi o. y. aN Fi H 
Ра C Ho 2 E y C o 
H | та O H bt A H d 7 
LN LN 
не ^H H/ ^u н нн н 


Equivalent dash formulas for propyl alcohol 


It also means that all of the structural formulas above are equivalent and all represent 
propyl alcohol. Dash structural formulas such as these indicate the way in which the atoms 
are attached to each other and are not representations of the actual shapes of the molecule. 
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Helpful Hint 


It is important that you be able to 
recognize when a set of structural 
formulas has the same connectivity 
versus when they are constitutional 
isomers. 


Review Problem 1.20 


Chapter 1 The Basics—Bonding and Molecular Structure 


(Propyl alcohol does not have 90? bond angles. It has tetrahedral bond angles.) Dash struc- 
tural formulas show what is called the connectivity of the atoms. Constitutional isomers 
(Section 1.3A) have different connectivities and, therefore, must have different structural 


formulas. 


Consider the compound called isopropyl alcohol, whose formula we might write in a 
variety of ways: 


H 
H H H H H O—H 
"PN or n—¢—¢—d_y or нон 
KAA нон : 
| H—C—H 
| 


Equivalent dash formulas for isopropyl alcohol 


Isopropyl alcohol is a constitutional isomer (Section 1.3A) of propyl alcohol because its 
atoms are connected in a different order and both compounds have the same molecular for- 
mula, C3HgO. In isopropyl alcohol the OH group is attached to the central carbon; in propyl 
alcohol it is attached to an end carbon. 


9 In problems you will often be asked to write structural formulas for all the isomers 
that have a given molecular formula. Do not make the error of writing several 
equivalent formulas, like those that we have just shown, mistaking them for differ- 
ent constitutional isomers. 


There are actually three constitutional isomers with the molecular formula C3HgO. We have 
seen two of them in propyl alcohol and isopropyl alcohol. Write a dash formula for the third 
isomer. 


1.17B Condensed Structural Formulas 


Condensed structural formulas are somewhat faster to write than dash formulas and, when 
we become familiar with them, they will impart all the information that is contained in the 
dash structure. In condensed formulas all of the hydrogen atoms that are attached to a par- 
ticular carbon are usually written immediately after the carbon. In fully condensed formu- 
las, all of the atoms that are attached to the carbon are usually written immediately after 
that carbon, listing hydrogens first. For example, 


111 
| | | | H CH,CHCH,CH, or CH,CHCICH,CH, 
H Cl H H Cl 


ee mama 


Dash formula Condensed formulas 


The condensed formula for isopropyl alcohol can be written in four different ways: 


H H H CH,CHCH, or CH,CH(OH)CH, 
D aa он 
ə à ф à CH,CHOHCH, or (CH,),CHOH 
a | Condensed formulas 


Dash formula 


1.17 How to Interpret and Write Structural Formulas 


Write a condensed structural formula for the compound that follows: 


H H H H 
Iede 
a | be 
H—C—H 
| 
ANSWER 
CH4CHCH;CH; or CH3CH(CH3)CHsCH3 or (CH3);CHCH;CHs 
он, 
ог СНСНСН(СН;), ог CH3CH,CHCH3 
оњ 
Write a condensed structural formula for the following compound. Review Problem 1.21 


1.17C Bond-Line Formulas 


The most common type of structural formula used by organic chemists, and the fastest to 
draw, is the bond-line formula. The formula in Fig. 1.37e is a bond-line formula for propyl 
alcohol. The sooner you master the use of bond-line formulas, the more quickly you will 
be able to draw molecules when you take notes and work problems. And, lacking all of the 
symbols that are explicitly shown in dash and condensed structural formulas, bond-line for- 
mulas allow you to more quickly interpret molecular connectivity and compare one mole- 
cular formula with another. 

The efficiencies of drawing bond-line formulas come from the fact that no Cs are writ- 
ten for carbon atoms, and generally no Hs are shown for hydrogen atoms, unless they are 
needed to give a three-dimensional perspective to the molecule (and in that case we use 
solid or dashed wedges for bonds to the out-of-plane atoms, as described in the following 
section). Instead, in bond-line formulas ordinary lines represent bonds, and carbon atoms 
are inferred at each bend in the line and at the ends of lines. 

The number of hydrogen atoms bonded to each carbon is also inferred, by assuming 
that as many hydrogen atoms are present as needed to fill the valence shell of each car- 
bon, unless a charge is indicated. When an atom other than carbon is present, the sym- 
bol for that element is written in the formula at the appropriate location, i.e., in place of 
a bend or at the terminus of the line leading to the atom. Hydrogen atoms bonded to atoms 
other than carbon (e.g., oxygen or nitrogen) are written explicitly. And, as mentioned 
above, hydrogen atoms are shown where needed to help specify three dimensions using 
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Helpful Нт 


As you become more familiar with 
organic molecules, you will find 
bond-line formulas to be very 
useful tools for representing 
structures. 
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solid or dashed wedges. Consider the following examples of molecules depicted by bond- 
line formulas. 


Bond-line 
formulas 
Ay S 
CH,CHCICH,CH, = он сњ= о ~ 
Cl с! 
CH, CH, 
as 
CH,CH(CH,)CH,CH, = oH CH, = i di 
CH, 
и 
(CH),NCH,CH, = n eH AP 
CH, 


Bond-line formulas are easy to draw for molecules with multiple bonds and for cyclic 
molecules, as well. The following are some examples. 


CH H,C—CH 
\ " fX and "| | “= L| 
H,C—CH, H,C—CH, 
д 
д 2 
CH; ,CH СН 
ar = Z 2 
| | YT 2 
CH; 
2 
CH,—CHCH;OH = = д 
OH 2 


г Eee 
99 
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1.17 How to Interpret and Write Structural Formulas 


Solved Problem 1.9 


Write the bond-line formula for 
CH,CHCH,CH,CH,OH 


CH3 


STRATEGY AND ANSWER First, for the sake of practice, we outline the carbon skeleton, including the OH group, 
as follows: 
Rs “Xe Le е 
CH CH, OH = C C OH 


| | 
CH, G 


Then we write the bond-line formula as OH. As you gain experience you will likely skip the inter- 


mediate steps shown above and proceed directly to writing bond-line formulas. 


Write each of the following condensed structural formulas as a bond-line formula: Review Problem 1.22 
(a) (CH3)2>CHCH2CH3 (f) CHo2—C(CH35CH3)2 

(b) (CH3)2>CHCH2CH20H 0 

(ОБА НОВНА (в) CHCCH;CH;CH;CH; 


(d) CH3CH2CH2CH2CH3 


h) CH3CHCICHsCH(CH 
(е) СНАСНСН(ОНЈСНСНа CPER EHIS hGH 


Which molecules in Review Problem 1.22 form sets of constitutional isomers? Review Problem 1.23 
Write a dash formula for each of the following bond-line formulas: Review Problem 1.24 
OH 
CI 
~ 
(а) (b) (c) 
О 


1.170. Three-Dimensional Formulas 


Нарји Hint 


None of the formulas that we have described so far conveys any information about how the 


atoms of a molecule are arranged in space. There are several types of representations that Wedge and dashed-wedge 
his Thet ff las that hall tof the h in Fig. 1.38 formulas are a tool for 
do this. The types of formulas that we shall use most of the time are shown in Fig. 1.38. unambiguously showing three 


In these representations, bonds that project upward out of the plane of the paper are indi- dimensions. 
cated by a solid wedge (—a), those that lie behind the plane are indicated with a dashed 


For tetrahedral atoms, notice that we draw the two bonds that are in the plane of the page 
with an angle of approximately 109° between them and that proper three-dimensional per- 
spective then requires the wedge and dashed-wedge bonds to be drawn near each other on 
the page (i.e., the atom in front nearly eclipses the atom behind). We can draw trigonal pla- 
nar atoms either with all bonds in the plane of the page separated by approximately 120° 
or with one of the three bonds in the plane of the page, one behind, and one in front (as in 
Fig. 1.20). Atoms with linear bonding geometry are best drawn with all bonds to those atoms 
in the plane of the page. Lastly, when drawing three-dimensional formulas is it generally 
best to draw as many carbon atoms as possible in the plane of the paper, allowing substituent 
groups or hydrogen atoms to be primarily those for which wedge or dashed-wedge bonds 
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are used. Note that when using bond-line formulas we continue to omit hydrogen atoms 
unless they are relevant to clarifying the three-dimensional perspective of some other group. 
Figure 1.38 shows some examples of three-dimensional formulas. 


“сан 
b. Ned | 7 
eC or C—C etc. 
Hu М. D we or C.H OF we etc. 
ut H d NT ny “ву Br M NA Ny 
Ethane Bromomethane 
Br 
БАН 
| HO, ,H 
Am Bri, ee 
Figure 1.38 Some " UR 
examples of three- Examples of bond-line formulas that An example involving trigonal Ап example involving 
dimensional formulas. include three-dimensional representations planar geometry linear geometry 
Review Problem 1.25 Write three-dimensional (wedge-dashed wedge-line) representations for each of the 
following: 
(a) CH3Cl (b) СЊСЊ (c) CH2BrCI (d) CH3CH>Cl 


m 


1.18 Applications of Basic Principles 


Throughout the early chapters of this book we review certain basic principles that under- 
lie and explain much of the chemistry we shall be studying. Consider the following prin- 
ciples and how they apply in this chapter. 


Opposite Charges Attract We see this principle operating in our explanations for 
covalent and ionic bonds (Sections 1.11 and 1.4A). It is the attraction of the positively 
charged nuclei for the negatively charged electrons that underlies our explanation for the 
covalent bond. It is the attraction of the oppositely charged ions in crystals that explains 
the ionic bond. 


Like Charges Repel It is the repulsion of the electrons in covalent bonds of the valence 
shell of a molecule that is central to the valence shell electron pair repulsion model for 
explaining molecular geometry. And, although it is not so obvious, this same factor under- 
lies the explanations of molecular geometry that come from orbital hybridization because 
these repulsions are taken into account in calculating the orientations of the hybrid orbitals. 


Nature Tends toward States of Lower Potential Energy This principle explains 
so much of the world around us. It explains why water flows downhill: The potential energy 
of the water at the bottom of the hill is lower than that at the top. (We say that water is in a 
more stable state at the bottom.) This principle underlies the aufbau principle (Section 1.10A): 
In its lowest energy state, the electrons of an atom occupy the lowest energy orbitals avail- 
able [but Hund's rule still applies, as well as the Pauli exclusion principle (Section 1.10A), 
allowing only two electrons per orbital]. Similarly in molecular orbital theory (Section 1.11), 
electrons fill lower energy bonding molecular orbitals first because this gives the molecule 
lower potential energy (or greater stability). Energy has to be provided to move an electron 
to a higher orbital and provide an excited (less stable) state (Review Problem 1.12). 


Orbital Overlap Stabilizes Molecules This principle is part of our explanation for 
covalent bonds. When orbitals of the same phase from different nuclei overlap, the elec- 
trons in these orbitals can be shared by both nuclei, resulting in stabilization. The result is 
a covalent bond. 
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Problems 


In This Chapter 


In Chapter 1 you have studied concepts and skills that are absolutely essential to your suc- 
cess in organic chemistry. You should now be able to use the periodic table to determine 
the number of valence electrons an atom has in its neutral state or as an ion. You should 
be able to use the periodic table to compare the relative electronegativity of one element 
with another, and determine the formal charge of an atom or ion. Electronegativity and for- 
mal charge are key concepts in organic chemistry. 

You should be able to draw chemical formulas that show all of the valence electrons in a 
molecule (Lewis structures), using lines for bonds and dots to show unshared electrons. You 
should be proficient in representing structures as dash structural formulas, condensed struc- 
tural formulas, and bond-line structural formulas. In particular, the more quickly you become 
skilled at using and interpreting bond-line formulas, the faster you will be able to process struc- 
tural information in organic chemistry. You have also learned about resonance structures, the 
use of which will help us in understanding a variety of concepts in later chapters. 

Lastly, you have learned to predict the three-dimensional structure of molecules using 
the valence shell electron pair repulsion (VSEPR) model and molecular orbital (MO) the- 
ory. An ability to predict three-dimensional structure is critical to understanding the prop- 
erties and reactivity of molecules. 

We encourage you to do all of the problems that your instructor has assigned. We also 
recommend that you use the summary and review tools in each chapter, such as the con- 
cept map that follows. Concept maps can help you see the flow of concepts in a chapter 
and also help remind you of key points. In fact, we encourage you to build your own con- 
cept maps for review when the opportunity arises. 

Work especially hard to solidify your knowledge from this and other early chapters in 
the book. These chapters have everything to do with helping you learn basic tools you need 
for success throughout organic chemistry. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are (oie 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


Problems 


(prey w. Note to Instructors: Many of the homework problems are available for assignment ма WileyPLUS, an online 
PLUS teaching and learning solution. 


ELECTRON CONFIGURATION 
1.26 — Which of the following ions possess the electron configuration of a noble gas? 
(a) Na* (c) F* (e) Ca?* (в) 027 
(b) Cl” (d) H^ (f) 52 (h) Br* 


LEWIS STRUCTURES 
1.27 Write a Lewis structure for each of the following: 


(а) ЗОСЊ (b) POCI3 (c) РСІ5 (d) HONO; (HNO3) 
1.28 | Give the formal charge (if one exists) on each atom of the following: 
Ter 


| | $ 
(а) GESE (b CH—S—CH, (е) pem (d) CH,—$—ÓO: 
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STRUCTURAL FORMULAS AND ISOMERISM 


1.2 Write a condensed structural formula for each compound given here. 


ub Ep 


(c) (d) 


1.30 What is the molecular formula for each of the compounds given in Exercise 1.29? 


1.31 Consider each pair of structural formulas that follow and state whether the two formulas represent the same com- 
pound, whether they represent different compounds that are constitutional isomers of each other, or whether they 
represent different compounds that are not isomeric. 


Br 


ac = «at UR on. AP (b) СЫ е апа CICH,CH(CH,), 
| | 
< (Ф) У and FCH,CH,CH,CH,F 
Е 
CI H 
i 
() 09:—0—Сн0 and P (f) CH,—CHCH;CH, and d 
CH, 
O 
(g) Хо“ апа pu (h) eren, and Pc 
CH,CH, 
1 T | 
@ CHOCHCH, and С (m) H-G—Br ad 0—7—87 
H,C—CH, H H 
J” j 
(j) CH,CICHCICH, and CH,CHCICH;CI (m) CH—G—H ам CH;-C—CH, 
H H 
H H 
H,CH,CHCICH,CI H,CHCH,CI Sc—c=tH and хоо 
(k) CH,CH,CHCICH,CI and CH,CHCH,C () НСС аа go 
CH,Cl 2 А 5 H 
1 1 Bo WC 
S H 
(D CH,CCH, and I^ (р) p. C— e and HC Сан 


H,C—tH, F F F H 


1.32 


1.33 
1.34 


1.35 


1.36 


1.37 


1.38 


Problems 49 
Rewrite each of the following using bond-line formulas: 
j 
(a) CH4CH;CH;CCHs (e) CH,=CHCH,CH,CH=CHCH, 
(b) CHSCHCH;CH;CHCH;CHs 
CH, сњ | 
HC^ “н 

(с) (CH3)3CCH2CH2CHsOH (f) | | А 

F cA? 
(d) CH.CH;CHCH,COH i 

CH; 


Write structural formulas of your choice for all of the constitutional isomers with the molecular formula C4Hg. 


Write structural formulas for at least three constitutional isomers with the molecular formula CH3NO». (In answer- 
ing this question you should assign a formal charge to any atom that bears one.) 


RESONANCE STRUCTURES 


For the following write all possible resonance structures. Be sure to include formal charges where appropriate. 


77 — w Ip. о о ње 
«^Y — о w0 AAO 


n “o 
(g) A, PE (h) ^w 5 


Write the resonance structure that would result from moving the electrons in the way indicated by the curved arrows. 


ZA 
HoN 


Show the curved arrows that would convert A into B. 
N О, N 0: 
“М pm 
A B 


(a) Cyanic acid (H—O—C=N) and isocyanic acid (H—N — С=О) differ in the positions of their electrons but 
their structures do not represent resonance structures. Explain. (b) Loss of a proton from cyanic acid yields the 
same anion as that obtained by loss of a proton from isocyanic acid. Explain. 


1.41 


1.42 
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Consider a chemical species (either a molecule or an ion) in which a carbon atom forms three single bonds to three 
hydrogen atoms and in which the carbon atom possesses no other valence electrons. (a) What formal charge would 
the carbon atom have? (b) What total charge would the species have? (c) What shape would you expect this species 
to have? (d) What would you expect the hybridization state of the carbon atom to be? 


Consider a chemical species like the one in the previous problem in which a carbon atom forms three single bonds 
to three hydrogen atoms, but in which the carbon atom possesses an unshared electron pair. (a) What formal charge 
would the carbon atom have? (b) What total charge would the species have? (c) What shape would you expect this 
species to have? (d) What would you expect the hybridization state of the carbon atom to be? 


Consider another chemical species like the ones in the previous problems in which a carbon atom forms three sin- 
gle bonds to three hydrogen atoms but in which the carbon atom possesses a single unpaired electron. (a) What 
formal charge would the carbon atom have? (b) What total charge would the species have? (c) Given that the shape 
of this species is trigonal planar, what would you expect the hybridization state of the carbon atom to be? 


Ozone (O3) is found in the upper atmosphere where it absorbs highly energetic ultraviolet (UV) radiation and thereby 
provides the surface of Earth with a protective screen (cf. Section 10.11E). One possible resonance structure for 
ozone is the following: 


(a) Assign any necessary formal charges to the atoms in this structure. (b) Write another equivalent resonance 
structure for ozone. (c) What do these resonance structures predict about the relative lengths of the two 
oxygen-oxygen bonds of ozone? (d) In the structure above, and the one you have written, assume an angular shape 
for the ozone molecule. Is this shape consistent with VSEPR theory? Explain your answer. 


Write resonance structures for the azide ion, Ма . Explain how these resonance structures account for the fact that 
both bonds of the azide ion have the same length. 


Write structural formulas of the type indicated: (a) bond-line formulas for seven constitutional isomers with the 
formula C4H100; (b) condensed structural formulas for two constitutional isomers with the formula CoHzN; (c) con- 
densed structural formulas for four constitutional isomers with the formula СзНом; (d) bond-line formulas for three 
constitutional isomers with the formula C5H2. 


What is the relationship between the members of the following pairs? That is, are they constitutional isomers, the 
same, or something else (specify)? 


kp пи + PS 
(a) s, NH, SNH, (a) [>NH, NH, 
9 rd 
ь c CH,CH,CH,CH(CH,), © e. с 
сн “Ан, сн “мн, 
Кє СІ 
Ан. ~ Ñh, «T > 
: "tp Cl 


Challenge Problems 


1.46 


In Chapter 15 we shall learn how the nitronium ion, NO»*, forms when concentrated nitric and sulfuric acids are 
mixed. (a) Write a Lewis structure for the nitronium ion. (b) What geometry does VSEPR theory predict for the 
NO;* ion? (c) Give a species that has the same number of electrons as МО". 


1.47 


1.48 


1.49 


1.50 


Consider the compound with the following condensed molecular formula: Helpful Hint 


= 
. 


по о“ 
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Learning Group Problems 


Given the following sets of atoms, write bond-line formulas for all of the possible constitutionally isomeric com- 
pounds or ions that could be made from them. Show all unshared electron pairs and all formal charges, if any. 


Set C atoms H atoms Other 

A 3 6 2 Br atoms 

B 3 9 1 N atom and 1 O atom (not on same C) 
С 3 4 1 O atom 

D 2 7 1 N atom and 1 proton 

E 3 7 1 extra electron 


Open computer molecular models for dimethyl ether, dimethylacetylene, and cis-1,2-dichloro-1,2-difluoroethene 
from the 3D Molecular Models section of the book's website. By interpreting the computer molecular model for 
each one, draw (a) a dash formula, (b) a bond-line formula, and (c) a three-dimensional dashed-wedge formula. 
Draw the models in whatever perspective is most convenient—generally the perspective in which the most atoms 
in the chain of a molecule can be in the plane of the paper. 


Boron is a group IIIA element. Open the molecular model for boron trifluoride from the 3D Molecular Models sec- 
tion of the book's website. Near the boron atom, above and below the plane of the atoms in BF3, are two relatively 
large lobes. Considering the position of boron in the periodic table and the three-dimensional and electronic struc- 
ture of BF3, what type of orbital does this lobe represent? Is it a hybridized orbital or not? 


There are two contributing resonance structures for an anion called acetaldehyde enolate, whose condensed mole- 
cular formula is CH2CHO . Draw the two resonance contributors and the resonance hybrid, then consider the map 
of electrostatic potential (MEP) shown below for this anion. Comment on whether the MEP is consistent or not 
with predominance of the resonance contributor you would have predicted to be represented most strongly in the 
hybrid. 


Learning Group Problems 


CH4CHOHCH-— CH Your instructor will tell you 


how to work these problems as a 


Write a full dash structural formula for the compound. pening: Group: 


Show all nonbonding electron pairs on your dash structural formula. 
Indicate any formal charges that may be present in the molecule. 
Label the hybridization state at every carbon atom and the oxygen. 


Draw a three-dimensional perspective representation for the compound showing approximate bond angles as clearly 
as possible. Use ordinary lines to indicate bonds in the plane of the paper, solid wedges for bonds in front of the 
paper, and dashed wedges for bonds behind the paper. 


Label all the bond angles in your three-dimensional structure. 
Draw a bond-line formula for the compound. 


Devise two structures, each having two sp-hybridized carbons and the molecular formula C4HgO. Create one of 
these structures such that it is linear with respect to all carbon atoms. Repeat parts 1—7 above for both structures. 


"^ UB | | 
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Organic Molecules 


can be | have can be 
VSEPR Theory predicted by Three-dimensional | Predicted by Quantum mechanics 
(Section 1.16) shape (Section 1.9) 
requires creation of utilizes 
Proper Lewis must be Resonance Wave functions | 
structures structures 
(Section 1.5) show (Section 1.8) | are used to generate 
| show all B m | show all Atomic orbitals 
(Section 1.10) 
Valence electrons Formal charges 
(Section 1.7) of 2nd row elements 
| include all consist of 
are averaged in the 
Волата and Resonance hybrid и 
nonbonding electrons (Section 1.8) е 
repel each other nees x 
to achieve and three 2p orbitals 
Maximum separation 
in 3-D space 


of two groups* 
of electrons 
leads to 


leads to 


Trigonal 
planar 


geometry 


geometry 


(Se 


is 
present 
in 


in 


(Se 


Alkynes 
ction 1.14) 


Alkenes 


Alkanes 
ction 1.12) 


of four groups* is 
of electrons present bonded 
leads to in carbon of 


2 
y y y 
x x x 
2 2 2 


may become 


carbon of 
sp Orbital 1 


Two sp hybrid and 
two p orbitals 


p Orbitals 


dq sp Orbital 


carbon of 


p Orbital 


sp? Orbital 
^w 


m 


Three sp? hybrid 


(РАИ pic and one p orbital 
of three groups* is double- 1 Е 
of electrons present bonded sp? Orbital 


Rh. Orbital 


are at 
each 
single- 


Four sp? hybrid orbitals 


* А single bond, a double bond, a triple bond, 
and a nonbonding electron pair each represent 
a single ‘group’ of electrons. 


Compounds 


Functional Groups, Intermolecular Forces, 
and Infrared (IR) Spectroscopy 
q 


Menthone 


Ethanol 


In this chapter we introduce one of the great simplifying concepts of 3 Benzaldehyde 


organic chemistry—the functional group. Functional groups are common 
and specific arrangements of atoms that impart predictable reactivity and properties to a molecule. Even though 
there are millions of organic compounds, you may be relieved to know that we can readily understand much about 
whole families of compounds simply by learning about the properties of the common functional groups. 

For example, all alcohols contain an —OH (hydroxyl) functional group attached to a saturated carbon bear- 
ing nothing else but carbon or hydrogen. Alcohols as simple as ethanol in alcoholic beverages and as complex 
as ethinyl estradiol (Section 2.1C) in birth control pills have this structural unit in common. All aldehydes have 
a —OC(—0O)— (carbonyl) group with one bond to a hydrogen and the other to one or more carbons, such as 
in benzaldehyde (from almonds). All ketones include a carbonyl group bonded by its carbon to one or more 
other carbons on each side, as in the natural oil menthone, found in geraniums and spearmint. 


О О 


~ OH 
Ethanol Benzaldehyde Menthone 
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Members of each functional group family share common chemical properties and reactivity, and this fact 
helps greatly in organizing our knowledge of organic chemistry. As you progress in this chapter it will serve you 
well to learn the arrangements of atoms that define the common functional groups. This knowledge will be invalu- 
able to your study of organic chemistry. 

Toward the end of this chapter we introduce an instrumental technique called infrared spectroscopy that 
provides physical evidence for the presence of particular functional groups. You will very likely make use of 
infrared spectroscopy in your organic laboratory work. 

Let us begin this chapter with families of compounds that contain only carbon and hydrogen. 


2.1 Hydrocarbons: Representative Alkanes, Alkenes, 
Alkynes, and Aromatic Compounds 


Here we introduce the class of compounds that contains only carbon and hydrogen, and 
we shall see how the -ane, -ene, or -yne ending in a name tells us what kinds of 
carbon-carbon bonds are present. 


9 Hydrocarbons are compounds that contain only carbon and hydrogen atoms. 


Methane (СН,) and ethane (Ca2Hg) are hydrocarbons, for example. They also belong to a 
subgroup of compounds called alkanes. 


9 Alkanes are hydrocarbons that do not have multiple bonds between carbon atoms, 
and we can indicate this in the family name and in names for specific compounds 
by the -ane ending. 


Other hydrocarbons may contain double or triple bonds between their carbon atoms. 


€ Alkenes contain at least one carbon-carbon double bond, and this is indicated in 
the family name and in names for specific compounds by an -ene ending. 


9 Alkynes contain at least one carbon-carbon triple bond, and this is indicated in the 
family name and in names for specific compounds by a -yne ending. 


9 Aromatic compounds contain a special type of ring, the most common example of 
which is a benzene ring. There is no special ending for the general family of aromatic 
compounds. 


We shall introduce representative examples of each of these classes of hydrocarbons in the 
following sections. 

Generally speaking, compounds such as the alkanes, whose molecules contain only sin- 
gle bonds, are referred to as saturated compounds because these compounds contain the 
maximum number of hydrogen atoms that the carbon compound can possess. Compounds 
with multiple bonds, such as alkenes, alkynes, and aromatic hydrocarbons, are called unsa- 
turated compounds because they possess fewer than the maximum number of hydrogen 
atoms, and they are capable of reacting with hydrogen under the proper conditions. We shall 
have more to say about this in Chapter 7. 


2.1A Alkanes 


The primary sources of alkanes are natural gas and petroleum. The smaller alkanes (methane 

"| through butane) are gases under ambient conditions. Methane is the principal component of 
Methane natural gas. Higher molecular weight alkanes are obtained largely by refining petroleum. 
Methane, the simplest alkane, was one major component of the early atmosphere of this planet. 
Methane is still found in Earth's atmosphere, but no longer in appreciable amounts. It is, how- 
ever, a major component of the atmospheres of Jupiter, Saturn, Uranus, and Neptune. 

Some living organisms produce methane from carbon dioxide and hydrogen. These very 
primitive creatures, called methanogens, may be Earth's oldest organisms, and they may 
represent a separate form of evolutionary development. Methanogens can survive only in 
an anaerobic (i.e., oxygen-free) environment. They have been found in ocean trenches, in 
mud, in sewage, and in cows' stomachs. 


3 
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2.1 Hydrocarbons: Representative Alkanes, Alkenes, Alkynes, and Aromatic Compounds 


2.1B Alkenes 


Ethene and propene, the two simplest alkenes, are among the most important industrial chem- 
icals produced in the United States. Each year, the chemical industry produces more than 30 
billion pounds of ethene and about 15 billion pounds of propene. Ethene is used as a starting 
material for the synthesis of many industrial compounds, including ethanol, ethylene oxide, 
ethanal, and the polymer polyethylene (Section 10.10). Propene is used in making the poly- 
mer polypropylene (Section 10.10 and Special Topic B*), and, in addition to other uses, Ethene 
propene is the starting material for a synthesis of acetone and cumene (Section 21.4B). 
Ethene also occurs in nature as a plant hormone. It is produced naturally by fruits such as 
tomatoes and bananas and is involved in the ripening process of these fruits. Much use is now 
made of ethene in the commercial fruit industry to bring about the ripening of tomatoes and 
bananas picked green because the green fruits are less susceptible to damage during shipping. 
There are many naturally occurring alkenes. Two examples are the following: 


27 


p-Pinene An aphid alarm pheromone C- 
(a component of Ethene ripens bananas. 


turpentine) 
Solved Problem 2.1 


Propene, CH3CH— CH», is an alkene. Write the structure of a constitutional isomer of propene that is not an alkene. 
(Hint: It does not have a double bond.) 


STRATEGY AND ANSWER A compound with a ring of n carbon atoms will have the same molecular formula as 
an alkene with the same number of carbons. 


is a constitutional 
A isomer of С Cyclopropane has 
Cyclopropane Propene anesthetic properties. 
C3Hg СаНе 


2.1C Alkynes 


The simplest alkyne is ethyne (also called acetylene). Alkynes occur in nature and can be 
synthesized in the laboratory. 
Two examples of alkynes among thousands that have a biosynthetic origin are capillin, 
an antifungal agent, and dactylyne, a marine natural product that is an inhibitor of pento- 
barbital metabolism. Ethinyl estradiol is a synthetic alkyne whose estrogen-like properties a 


have found use in oral contraceptives. 
Br, CY 
0 СОИ О К ~ 
( b C—C=C—C=C—CH, "t 
= Br | HO 


Capillin Dactylyne Ethinyl estradiol 
[17a--ethynyl-1,3,5(10)-estratriene-3,170-diol] 


*Special Topics A-F and H are in WileyPLUS; Special Topic G can be found later in this volume. 
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Benzene 
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2.1D Benzene: A Representative Aromatic Hydrocarbon 


In Chapter 14 we shall study in detail a group of unsaturated cyclic hydrocarbons known 
as aromatic compounds. The compound known as benzene is the prototypical aromatic 
compound. Benzene can be written as a six-membered ring with alternating single and dou- 
ble bonds, called a Kekulé structure after August Kekulé (Section 1.3), who first conceived 
of this representation: 


H 
Kekulé structure Bond-line representation 
for benzene of Kekulé structure 


Even though the Kekulé structure is frequently used for benzene compounds, there is much 
evidence that this representation is inadequate and incorrect. For example, if benzene had alter- 
nating single and double bonds as the Kekulé structure indicates, we would expect the lengths 
of the carbon-carbon bonds around the ring to be alternately longer and shorter, as we typi- 
cally find with carbon-carbon single and double bonds (Fig. 1.31). In fact, the carbon-car- 
bon bonds of benzene are all the same length (1.39 À), a value in between that of a 
carbon-carbon single bond and a carbon-carbon double bond. There are two ways of deal- 
ing with this problem: with resonance theory or with molecular orbital theory. 

If we use resonance theory, we visualize benzene as being represented by either of two 
equivalent Kekulé structures: 


ОН) Q 


Two contributing Kekulé structures A representation of the 
for benzene resonance hybrid 


Based on the principles of resonance theory (Section 1.8) we recognize that benzene can- 
not be represented adequately by either structure, but that, instead, it should be visualized as 
a hybrid of the two structures. We represent this hybrid by a hexagon with a circle in the mid- 
dle. Resonance theory, therefore, solves the problem we encountered in understanding how 
all of the carbon-carbon bonds are the same length. According to resonance theory, the bonds 
are not alternating single and double bonds, they are a resonance hybrid of the two: Any bond 
that is a single bond in the first contributor is a double bond in the second, and vice versa. 


€ All of the carbon-carbon bonds in benzene are one and one-half bonds, have a 
bond length in between that of a single bond and a double bond, and have bond 
angles of 120°. 


In the molecular orbital explanation, which we shall describe in much more depth in 
Chapter 14, we begin by recognizing that the carbon atoms of the benzene ring are sp? 
hybridized. Therefore, each carbon has a p orbital that has one lobe above the plane of the ring 
and one lobe below, as shown here in the schematic and calculated p orbital representations. 


H, H 
B c 120° 
/ 
doc 
1.09A N PA 
ge 139A УМ 
H H 
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Schematic representation Calculated p orbital Calculated benzene molecular 
of benzene p orbitals shapes in benzene orbital resulting from favorable 
overlap of p orbitals above and 

below plane of benzene ring 


The lobes of each p orbital above and below the ring overlap with the lobes of p orbitals 
on the atoms to either side of it. This kind of overlap of p orbitals leads to a set of bonding 
molecular orbitals that encompass all of the carbon atoms of the ring, as shown in the calcu- 
lated molecular orbital. Therefore, the six electrons associated with these p orbitals (one elec- 
tron from each orbital) are delocalized about all six carbon atoms of the ring. This 
delocalization of electrons explains how all the carbon-carbon bonds are equivalent and have 
the same length. In Section 14.7B, when we study nuclear magnetic resonance spectroscopy, 
we shall present convincing physical evidence for this delocalization of the electrons. 


Cyclobutadiene (below) is like benzene in that it has alternating single and double bonds Review Problem 2.1 
in a ring. However, its bonds are not the same length, the double bonds being shorter than 

the single bonds; the molecule is rectangular, not square. Explain why it would be incor- 

rect to write resonance structures as shown. 


| |ә 


2.2 Polar Covalent Bonds 


In our discussion of chemical bonds in Section 1.4, we examined compounds such as LiF 
in which the bond is between two atoms with very large electronegativity differences. In 
instances like these, we said, a complete transfer of electrons occurs, giving the compound 
an ionic bond: 


Lit :£:- 
Lithium fluoride has an ionic bond. 


We also described molecules in which electronegativity differences are not large, or in which 
they are the same, such as the carbon-carbon bond of ethane. Here the electrons are shared 
equally between the atoms. 


H—C:C—H Lithium fluoride crystal model. 


| | 
H H 


Ethane has a covalent bond. 
The electrons are shared equally 
between the carbon atoms. 


Until now, we have not considered the possibility that the electrons of a covalent bond might 
be shared unequally. 
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Review Problem 2.2 


Chapter 2 Families of Carbon Compounds 


© If electronegativity differences exist between two bonded atoms, and they are not 
large, the electrons are not shared equally and a polar covalent bond is the result. 


@ Remember: One definition of electronegativity is the ability of an atom to attract 
electrons that it is sharing in a covalent bond. 


An example of such a polar covalent bond is the one in hydrogen chloride. The chlorine 
atom, with its greater electronegativity, pulls the bonding electrons closer to it. This makes 
the hydrogen atom somewhat electron deficient and gives it a partial positive charge (6+). 
The chlorine atom becomes somewhat electron rich and bears a partial negative charge (6—): 

8t ê- 

н: Ch 
Because the hydrogen chloride molecule has a partially positive end and a partially nega- 
tive end, it is a dipole, and it has a dipole moment. 

The direction of polarity of a polar bond can be symbolized by a vector quantity 4———. 
The crossed end of the arrow is the positive end and the arrowhead is the negative end: 

(positive end) 4— —— (negative end) 


In НСІ, for example, we would indicate the direction of the dipole moment in the follow- 
ing way: 
H—Cl 
+——э 
The dipole moment is a physical property that can be measured experimentally. It is 
defined as the product of the magnitude of the charge in electrostatic units (esu) and the 
distance that separates them in centimeters (cm): 


Dipole moment — charge (in esu) X distance (in cm) 
и=еха 


The charges are typically on the order of 10719 esu and the distances are on the order 
of 1078 cm. Dipole moments, therefore, are typically on the order of 10718 esu-cm. For 
convenience, this unit, 1 X 10^ !8 esu cm, is defined as one debye and is abbreviated D. 
(The unit is named after Peter J. W. Debye, a chemist born in the Netherlands, who taught 
at Cornell University from 1936 to 1966. Debye won the Nobel Prize in Chemistry in 1936.) 
In SI units 1 = 3.336 x 10 ?? coulomb meter (C · m). 

If necessary, the length of the arrow can be used to indicate the magnitude of the dipole 
moment. Dipole moments, as we shall see in Section 2.3, are very useful quantities in 


accounting for physical properties of compounds. 
Solved Problem 2.2 


Using a dipole moment arrow as shown above and the table of electronegativities (Table 1.2), indicate the direc- 
tion of the dipole moment of lithium hydride (ШН), a covalent compound. Also place ô+ and 6— symbols near 
the Li and H as appropriate. 


STRATEGY AND ANSWER In Table 1.2 we find that lithium (a metal) has a very low electronegativity of 1.0. 
Hydrogen (a nonmetal) has a larger electronegativity of 2.1. The hydrogen atom will pull the electrons it is shar- 
ing with lithium in its direction. The bond between lithium and hydrogen will be polar with the lithium at the pos- 
itive end and the hydrogen at the negative end. 


Positive end —, | H _— Negative end 


4— 


Using 6+ and 6— symbols we can show the polarity of LiF as follows: 


ЕЕЕ 


Write ô+ and ô— by the appropriate atoms and draw а dipole moment vector for any of 
the following molecules that are polar: 


(a) HF (b) IBr (c) Bro (d) Fo 


2.2 Polar Covalent Bonds 


Polar covalent bonds strongly influence the physical properties and reactivity of mol- 
ecules. In many cases, these polar covalent bonds are part of functional groups, which we 
shall study shortly (Sections 2.5—2.13). Functional groups are defined groups of atoms in 
a molecule that give rise to the function (reactivity or physical properties) of the molecule. 
Functional groups often contain atoms having different electronegativity values and 
unshared electron pairs. (Atoms such as oxygen, nitrogen, and sulfur that form covalent 
bonds and have unshared electron pairs are called heteroatoms.) 


2.2A Maps of Electrostatic Potential 


One way to visualize the distribution of charge in a molecule is with a map of electrosta- 
tic potential (MEP). Regions of an electron density surface that are more negative than 
others in an MEP are colored red. These regions would attract a positively charged species 
(or repel a negative charge). Regions in the MEP that are less negative (or are positive) are 
blue. Blue regions are likely to attract electrons from another molecule. The spectrum of 
colors from red to blue indicates the trend in charge from most negative to least negative 
(or most positive). 

Figure 2.1 shows a map of electrostatic potential for the low-electron-density surface of 
hydrogen chloride. We can see clearly that negative charge is concentrated near the chlo- 
rine atom and that positive charge is localized near the hydrogen atom, as we predict based 
on the difference in their electronegativity values. Furthermore, because this MEP is plot- 
ted at the low-electron-density surface of the molecule (the van der Waals surface, Section 
2.13B), it also gives an indication of the molecule's overall shape. 


Figure 2.1 A calculated map 

of electrostatic potential for 
hydrogen chloride showing 
regions of relatively more 
negative charge in red and more 
positive charge in blue. Negative 
charge is clearly localized near 
the chlorine, resulting in a strong 
dipole moment for the molecule. 
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Calculated Molecular Models: Maps of Electrostatic Potential 


A map of electrostatic potential is prepared by carrying out 
a quantum mechanical calculation that involves moving an 
imaginary positive point charge at a fixed distance over a 
given electron density surface of a molecule. As this is done, 
the varying potential energy in the attraction between the 
electron cloud and the imaginary positive charge is plotted 
in color-coded fashion. Red in the MEP indicates strong 
attraction between the electron density surface at that loca- 
tion and the probing positive charge—in other words, 
greater negative charge at that part of the surface. Blue 
regions in the map indicate weaker attraction between the 
surface and the positive charge probe. The overall distrib- 
ution of charge is indicated by the trend from blue (most 
positive or least negative) to green or yellow (neutral) to red 
(most negative). Most often we plot the MEP at the van der 


Dimethyl ether 


Most positive 
(Least negative) 
Most negative 


Waals surface of a molecule since that represents approxi- 
mately the furthest extent of a molecule's electron cloud 
and therefore its overall shape. The molecular model in this 
box is for dimethyl ether. The MEP shows the concentration 
of negative charge where the unshared electron pairs are 
located on the oxygen atom. 

It is important to note that when directly comparing the 
MEP for one molecule to that of another, the color scheme 
used to represent the charge scale in each model must be 
the same. When we make direct comparisons between mol- 
ecules, we will plot their MEPs on the same scale. We will 
find that such comparisons are especially useful because 
they allow us to compare the electron distribution in one 
molecule to that in another and predict how one molecule 
might interact with the electrons of another molecule. 


Helpful Hint 


Electron density surfaces and 
electrostatic potential maps. 
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2.3 Polar and Nonpolar Molecules 


In the discussion of dipole moments in the previous section, our attention was restricted to 
simple diatomic molecules. Any diatomic molecule in which the two atoms are different 
(and thus have different electronegativities) will, of necessity, have a dipole moment. In 
general, a molecule with a dipole moment is a polar molecule. If we examine Table 2.1, 
however, we find that a number of molecules (e.g., CCl4, СО») consist of more than two 
atoms, have polar bonds, but have no dipole moment. With our knowledge of the shapes 
of molecules (Sections 1.12—1.16) we can understand how this can occur. 


Dipole Moments of Some Simple Molecules 


Formula џи (D) Formula џи (D) 
Ho 0 CH, 0 

Clo 0 CH3Cl 1.87 
HF 1.83 CH2Clo 1.55 
HCI 1.08 CHCl3 1.02 
HBr 0.80 CCl, 0 

HI 0.42 NH3 1.47 
BF3 0 NF3 0.24 
CO» 0 Но 1.85 


Consider a molecule of carbon tetrachloride (CCl4). Because the electronegativity of 
chlorine is greater than that of carbon, each of the carbon-chlorine bonds in ССЦ is polar. 
Each chlorine atom has a partial negative charge, and the carbon atom is considerably 
positive. Because a molecule of carbon tetrachloride is tetrahedral (Fig. 2.2), however, the 
center of positive charge and the center of negative charge coincide, and the molecule has 
no net dipole moment. 


бе 


Due to symmetry, the center of 
positive charge coincides with 
the center of negative charge. 


Figure 2.2 Charge distribution 
in carbon tetrachloride. The 
molecule has no net dipole 

а= moment. 


This result can be illustrated in a slightly different way: If we use arrows ( +—> ) to rep- 
resent the direction of polarity of each bond, we get the arrangement of bond moments shown 
in Fig. 2.3. Since the bond moments are vectors of equal magnitude arranged tetrahedrally, 
their effects cancel. Their vector sum is zero. The molecule has no net dipole moment. 


Figure 2.3 A tetrahedral 
orientation of equal bond 
moments causes their effects 
и= 00 to cancel. 


2.3 Polar and Nonpolar Molecules ОТЕ 61 


The chloromethane molecule (CH3Cl) has a net dipole moment of 1.87 D. Since carbon 
and hydrogen have electronegativities (Table 1.2) that are nearly the same, the contribution 
of three C —H bonds to the net dipole is negligible. The electronegativity difference between 
carbon and chlorine is large, however, and the highly polar C — СІ bond accounts for most 
of the dipole moment of CH3CI (Fig. 2.4). 


Figure 2.4 (a) The dipole 
moment of chloromethane 
arises mainly from the highly 
polar carbon-chlorine bond. 
(b) A map of electrostatic 
potential illustrates the polarity 
(b) of chloromethane. 


Solved Problem 2.3 


Although molecules of СО» have polar bonds (oxygen is more electronegative than carbon), carbon dioxide 
(Table 2.1) has no dipole moment. What can you conclude about the geometry of a carbon dioxide molecule? 


STRATEGY AND ANSWER For a CO» molecule to have a zero dipole moment, the bond 


moments of the two carbon-oxygen bonds must cancel each other. This can happen only if mol- mz eii 
ecules of carbon dioxide are linear. oD 
ш 

Boron trifluoride (ВЕ з) has no dipole moment (u = 0 D). Explain how this observation Review Problem 2.3 
confirms the geometry of BF3 predicted by VSEPR theory. 
Tetrachloroethene (CClo—CClo?) does not have a dipole moment. Explain this fact on the Review Problem 2.4 
basis of the shape of CClo—CCl». 
Sulfur dioxide (802) has a dipole moment (u = 1.63 D); on the other hand, carbon diox- Review Problem 2.5 


ide (see Solved Problem 2.3) has no dipole moment (u = 0 D). What do these facts indi- 
cate about the geometry of sulfur dioxide? 


Unshared pairs of electrons make large contributions to the dipole moments of water and 
ammonia. Because an unshared pair has no other atom attached to it to partially neutralize 
its negative charge, an unshared electron pair contributes a large moment directed away from 
the central atom (Fig. 2.5). (The O—H and N—H moments are also appreciable.) 


Net 
: Net 
Pi dipole | | dipole 
moment 
— N moment 
Sti 
Water Ammonia 


Figure 2.5 Bond moments and the resulting dipole moments of water and ammonia. 


62 


Review Problem 2.6 


Review Problem 2.7 


Solved Problem 2.4 


Chapter 2 Families of Carbon Compounds 


Using a three-dimensional formula, show the direction of the dipole moment of CH3OH. 
Write 6+ and 6— signs next to the appropriate atoms. 


Trichloromethane (CHCls, also called chloroform) has a larger dipole moment than CFCls. 
Use three-dimensional structures and bond moments to explain this fact. 


2.3A Dipole Moments in Alkenes 


Cis-trans isomers of alkenes (Section 1.13B) have different physical properties. They have 
different melting points and boiling points, and often cis-trans isomers differ markedly in 
the magnitude of their dipole moments. Table 2.2 summarizes some of the physical prop- 
erties of two pairs of cis—trans isomers. 


| TABLE 2.2 | Physical Properties of Some Cis-Trans Isomers 


Melting Boiling Dipole 
Compound Point (?C) Point (?C) Moment (D) 
cis-1,2-Dichloroethene —80 60 1.90 
trans-1,2-Dichloroethene —50 48 0 
cis-1,2-Dibromoethene —53 112.5 1.35 
trans-1,2-Dibromoethene —6 108 0 


Explain why cis-1,2-dichloroethene (Table 2.2) has a large dipole moment whereas trans-1,2-dichloroethene has a 
dipole moment equal to zero. 


STRATEGY AND ANSWER If we examine the net dipole moments (shown in red) for the bond moments (black), 
we see that in trans-1,2-dichloroethene the bond moments cancel each other, whereas in cis-1,2-dichloroethene they 


augment each other. 


Bond moments (black) Н H H CI 

are in same general D Z N Lok Bond moments 

direction. Resultant 29 == ~ J =C X аа а other. 

dipole moment (red et dipole is zero. 
| Оа СОА 


is large. 


Resultant moment >> 


Review Problem 2.8 


Review Problem 2.9 


cis-1,2-Dichloroethene 
ш= 1.90 


trans-1,2-Dichloroethene 
и= 00 


Indicate the direction of the important bond moments in each of the following compounds 
(neglect C—H bonds). You should also give the direction of the net dipole moment for the 
molecule. If there is no net dipole moment, state that и = 0 D. 


(а) cis- CHF—CHF (b) trans-CHF—CHF (c) СНг==<СР2 (d) CF2—CFo 
Write structural formulas for all of the alkenes with (a) the formula CoH2Br» and (b) the 
formula CoBroClo. In each instance designate compounds that are cis—trans isomers of each 
other. Predict the dipole moment of each one. 


2.4 Functional Groups 


ө Functional groups are common and specific arrangements of atoms that impart 
predictable reactivity and properties to a molecule. 
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The functional group of an alkene, for example, is its carbon-carbon double bond. When 
we study the reactions of alkenes in greater detail in Chapter 8, we shall find that most 
of the chemical reactions of alkenes are the chemical reactions of the carbon-carbon dou- 
ble bond. 

The functional group of an alkyne is its carbon-carbon triple bond. Alkanes do not have 
a functional group. Their molecules have carbon-carbon single bonds and carbon-hydrogen 
bonds, but these bonds are present in molecules of almost all organic compounds, and 
C—C and C—H bonds are, in general, much less reactive than common functional groups. 
We shall introduce other common functional groups and their properties in Sections 2.5—2.11. 
Table 2.3 (Section 2.12) summarizes the most important functional groups. First, however, 
let us introduce some common alkyl groups, which are specific groups of carbon and hydro- 
gen atoms that are not part of functional groups. 


2.4A Alkyl Groups and the Symbol R 


Alkyl groups are the groups that we identify for purposes of naming compounds. They are 
groups that would be obtained by removing a hydrogen atom from an alkane: 


ALKANE ALKYL GROUP ABBREVIATION BOND-LINE MODEL 
CH4—H СНз Ме- = *a 
Methane Methyl 22 
CH4CH;—H CH3CH;— Et- ~x aa 
Ethane Ethyl J • 
ә ә 
CH4CH;CH5—H CH3CH;CH;— Pr- aa ад 
Propane Propyl neg 3 
5, € 
jə 
CH3CHsCH»CH>—H  CH3CHsCH»CH>— Bu- sore a ә 
Виїапе Butyl A ө, Ge 
д 


While only опе alkyl group can be derived from methane ог ethane (the methyl and ethyl 
groups, respectively), two groups can be derived from propane. Removal of a hydrogen from 
one of the end carbon atoms gives a group that is called the propyl group; removal of a 
hydrogen from the middle carbon atom gives a group that is called the isopropyl group. 
The names and structures of these groups are used so frequently in organic chemistry that 
you should learn them now. See Section 4.3C for names and structures of branched alkyl 
groups derived from butane and other hydrocarbons. 

We can simplify much of our future discussion if, at this point, we introduce a symbol 
that is widely used in designating general structures of organic molecules: the symbol R. 
А is used as a general symbol to represent any alkyl group. For example, R might be a 
methyl group, an ethyl group, a propyl group, or an isopropyl group: 


CH,— Methyl These and 
CH4CH, — Ethyl others 
CH,CH,CH,— Propyl , can be 
CH;CHCH, Isopropyl j designated by R. 


Thus, the general formula for an alkane is R—H. 
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2.5 Alkyl Halides or Haloalkanes 


2-Chloropropane 


Helpful Hint 


Although we use the symbols 1°, 

2°, 3°, we do not say first degree, 

second degree, and third degree; 
we say primary, secondary, 


Chapter 2 Families of Carbon Compounds 


2.4B Phenyl and Benzyl Groups 


When a benzene ring is attached to some other group of atoms in a molecule, it is called a 
phenyl group, and it is represented in several ways: 


(ју и O- or CgH;— or Ph— ог 


$— ог Ar— (if ring substituents are present) 


Ways of representing a phenyl group 


The combination of a phenyl group and a methylene group (—CH»2—) is called a 


benzyl group: 
CH,— 
OQ 


or CgH;CH,— or Вп— 


Ways of representing a benzyl group 


Alkyl halides are compounds in which a halogen atom (fluorine, chlorine, bromine, or 
iodine) replaces a hydrogen atom of an alkane. For example, CHaCl and CH3CH5?Br are 
alkyl halides. Alkyl halides are also called haloalkanes. The generic formula for an alkyl 
halide is R— X: where X — fluorine, chlorine, bromine, or iodine. 

Alkyl halides are classified as being primary (1°), secondary (2^), or tertiary (3°). This 
classification is based on the carbon atom to which the halogen is directly attached. If 
the carbon atom that bears the halogen is attached to only one other carbon, the carbon atom 
is said to be a primary carbon atom and the alkyl halide is classified as a primary alkyl 
halide. If the carbon that bears the halogen is itself attached to two other carbon atoms, 
then the carbon is a secondary carbon and the alkyl halide is a secondary alkyl halide. 
If the carbon that bears the halogen is attached to three other carbon atoms, then the car- 
bon is a tertiary carbon and the alkyl halide is a tertiary alkyl halide. Examples of pri- 
mary, secondary, and tertiary alkyl halides are the following: 


and tertiary. 1? Carbon 2° Carbon 3? Carbon 
b B n 
aoe a or ENS E S RUNG öt E a Tc Or ae 
H H нан я CH, 
A 1° alkyl chloride A 2° alkyl chloride A 3° alkyl chloride 


ә 
23 e 
é $" 


" 
39» 


à 

ә ә 

ә 39-2 
ә 
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Solved Problem 2.5 


Write the structure of an alkane with the formula C5H42 that has no secondary or tertiary carbon atoms. Hint: The 
compound has a quaternary (4^) carbon. 


STRATEGY AND ANSWER Following the pattern of designations for carbon 4? Carbon atom 

atoms given above, a 4? carbon atom must be one that is attached to four other 2 i CH; 

carbon atoms. If we start with this carbon atom, and then add four carbon | 

atoms with their attached hydrogens, there is only one possible alkane. The P or P RE 

other four carbons are all primary carbons; none is secondary or tertiary. CH, 
Write bond-line structural formulas for (a) two constitutionally isomeric primary alkyl bro- Review Problem 2.10 


mides with the formula C4HgBr, (b) a secondary alkyl bromide, and (c) a tertiary alkyl 
bromide with the same formula. Build handheld molecular models for each structure and 
examine the differences in their connectivity. 


Although we shall discuss the naming of organic compounds later when we discuss the indi- Review Problem 2.11 
vidual families in detail, one method of naming alkyl halides is so straightforward that it 

is worth describing here. We simply name the alkyl group attached to the halogen and add 

the word fluoride, chloride, bromide, or iodide. Write formulas for (a) ethyl fluoride and 

(b) isopropyl chloride. 


What are the names for (c) М “ву, (d) T. and (e) CeHsl? 


2.6 Alcohols 


Methyl alcohol (also called methanol) has the structural formula CH3OH and is the sim- 
plest member of a family of organic compounds known as alcohols. The characteristic 
functional group of this family is the hydroxyl (—OH) group attached to an sp?- 
hybridized carbon atom. Another example of an alcohol is ethyl alcohol, СНЗСН2ОН 
(also called ethanol). 


— 
This is the functional Ethanol 
group of an alcohol. 


Alcohols may be viewed structurally in two ways: (1) as hydroxyl derivatives of alkanes 
and (2) as alkyl derivatives of water. Ethyl alcohol, for example, can be seen as an ethane 
molecule in which one hydrogen has been replaced by a hydroxyl group or as a water mol- 
ecule in which one hydrogen has been replaced by an ethyl group: 


Ethyl group 
rm 
CH4CH; H 
: \ 
CH,CH; 109.5°( B 1045 ( С: 
yo Рак 
Hydroxyl 
group 
Ethane Ethyl alcohol Water 


(ethanol) 
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Geraniol is a major component 
of the oil of roses. 


Helpful Hint 


Practice with handheld molecular 

models by building models of as 

many of the compounds on this 
page as you can. 


Norethindrone birth control pills. 


Review Problem 2.12 


Review Problem 2.13 


Chapter 2 Families of Carbon Compounds 


As with alkyl halides, alcohols are classified into three groups: primary (1?), secondary 
(2°), and tertiary (3°) alcohols. This classification is based on the degree of substitution 
of the carbon to which the hydroxyl group is directly attached. If the carbon has only one 
other carbon attached to it, the carbon is said to be a primary carbon and the alcohol is a 


primary alcohol: 
= OH " 


Geraniol 
(a 1? alcohol) 


1? Carbon 


Ethyl alcohol 


Benzyl alcohol 
(a 1? alcohol) 


(a 1? alcohol) 


If the carbon atom that bears the hydroxyl group also has two other carbon atoms attached 
to it, this carbon is called a secondary carbon, and the alcohol is a secondary alcohol: 


2° Carbon 
Wd 
H—C—C—C—H or X ^ 
| | | :OH он 
H "s H 
H 


Menthol 
(a 2? alcohol found 
in peppermint oil) 


Isopropyl alcohol 
(a 2? alcohol) 


If the carbon atom that bears the hydroxyl group has three other carbons attached to it, this 
carbon is called a tertiary carbon, and the alcohol is a tertiary alcohol: 


H 
H— C—H 
D 3? Carbon 
H 


tert-Butyl alcohol 
(a 3? alcohol) 


Norethindrone 
(an oral contraceptive that contains a 3? alcohol 
group as well as a ketone group and carbon- 
carbon double and triple bonds) 


Write bond-line structural formulas for (a) two primary alcohols, (b) a secondary alcohol, 
апа (c) a tertiary alcohol—all having the molecular formula СН; оО. 


One way of naming alcohols is to name the alkyl group that is attached to the — OH and 


add the word alcohol. Write bond-line formulas for (a) propyl alcohol and (b) isopropyl 
alcohol. 
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2.7 Ethers 


Ethers have the general formula R—O—R or R—O—R’, where R’ may be an alkyl (ог 
phenyl) group different from R. Ethers can be thought of as derivatives of water in which 
both hydrogen atoms have been replaced by alkyl groups. The bond angle at the oxygen 
atom of an ether is only slightly larger than that of water: 


R R' CH, 
RS p N 
O. or О. 1109 ( О 
A / / 
R R СНз 
—M—— ; 
Dimethyl ether Dimethyl ether 


General formula for an ether (a typical ether) 


ME H;C— CH | | 
—C—O—C— ae = 


| oe | O O 
— Ethylene Tetrahydrofuran 
The functional group oxide (THF) 
of an ether 
Two cyclic ethers 
One way of naming ethers is to name the two alkyl groups attached to the oxygen atom in Review Problem 2.14 


alphabetical order and add the word ether. If the two alkyl groups are the same, we use 
the prefix di-, for example, as in dimethyl ether. Write bond-line structural formulas for 
(a) diethyl ether, (b) ethyl propyl ether, and (c) ethyl isopropyl ether. What name would 


you give to (d) ~~ OMe (e) pm 


and (f) CH30C6H5? 


THE CHEMISTRY OF... 


Ethers as General Anesthetics 


Nitrous oxide (N20), also called laughing gas, was first used stituents, have replaced diethyl ether as anesthetics of 
as an anesthetic in 1799, and it is still in use today, even choice. One reason: unlike diethyl ether, which is highly flam- 
though when used alone it does not produce деер anesthe- ^ mable, the halogenated ethers are not. Two halogenated 
sia. The first use of an ether, diethyl ether, to produce deep ethers that are currently used for inhalation anesthesia are 
anesthesia occurred in 1842. In the years that have passed sevoflurane and desflurane. 

since then, several different ethers, usually with halogen sub- 


PER L 
з Ы - po^ 406 - 
Diethyl ether Desflurane Sevoflurane 


22 2» e, го e oe 
> Ф © , © 9 © e 
" 
3 e? e 9 


1 
E 
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2.8 Amines 


Ethylamine 


Chapter 2 Families of Carbon Compounds 


Just as alcohols and ethers may be considered as organic derivatives of water, amines may 
be considered as organic derivatives of ammonia: 
H—N—H . R—N—H NH 
| | H B se St 2 
H H NH, d 


Ammonia An amine Amphetamine Putrescine 
(a dangerous stimulant) (found in decaying meat) 


Amines are classified as primary, secondary, or tertiary amines. This classification is 
based on the number of organic groups that are attached to the nitrogen atom: 


REN i 22 nd 
H R' R' 
A primary (1°) А secondary (2) A tertiary (3°) 
amine amine amine 


Notice that this is quite different from the way alcohols and alkyl halides are classified. 
Isopropylamine, for example, is a primary amine even though its — NH» group is attached to 
a secondary carbon atom. It is a primary amine because only one organic group is attached 
to the nitrogen atom: 


LI 
H—C—C—C—H or 
ME b © 
H H : NH, N 
:NH, ) 
Isopropylamine Piperidine 
(a 1? amine) (a cyclic 2? amine) 


Amphetamine (below), a powerful and dangerous stimulant, is a primary amine. 
Dopamine, an important neurotransmitter whose depletion is associated with Parkinson's 
disease, is also a primary amine. Nicotine, a toxic compound found in tobacco that makes 
smoking addictive, has a secondary amine group and a tertiary one. 


HO МН» 
N N 
нм 
a e 
HO N 
Amphetamine Dopamine Nicotine 


Amines are like ammonia (Section 1.16B) in having a trigonal pyramidal shape. The 
C—N—C bond angles of trimethylamine are 108.7°, a value very close to the H—C—H 
bond angles of methane. Thus, for all practical purposes, the nitrogen atom of an amine 
can be considered to be sp? hybridized with the unshared electron pair occupying one orbital 
(see below). This means that the unshared pair is relatively exposed, and as we shall see 
this is important because it is involved in almost all of the reactions of amines. 


Bond angle = 108.7 


Trimethylamine 


2.9 Aldehydes and Ketones 


One way of naming amines is to name in alphabetical order the alkyl groups attached to 
the nitrogen atom, using the prefixes di- and tri- if the groups are the same. An example is 
isopropylamine whose formula is shown above. What are names for (a), (b), (c), and (d)? 
Build handheld molecular models for the compounds in parts (a)-(d). 


| 
Д. " Mn NMe; 
e 
@ V7 wN" © O (d) Ој 


H 


Write bond-line formulas for (e) propylamine, (f) trimethylamine, and (g) ethylisopropyl- 
methylamine. 


Which amines in Review Problem 2.15 are (a) primary amines, (b) secondary amines, and 
(c) tertiary amines? 


Amines are like ammonia in being weak bases. They do this by using their unshared elec- 
tron pair to accept a proton. (a) Show the reaction that would take place between trimethyl- 
amine and HCl. (b) What hybridization state would you expect for the nitrogen atom in the 
product of this reaction? 


Aldehydes and ketones both contain the carbonyl group—a group in which a carbon atom 
has a double bond to oxygen: 


"Oo 
| 
У dns 
The carbonyl group 


The carbonyl group of an aldehyde is bonded to one hydrogen atom and one carbon atom 
(except for formaldehyde, which is the only aldehyde bearing two hydrogen atoms). The 
carbonyl group of a ketone is bonded to two carbon atoms. Using R, we can designate the 
general formulas for aldehydes and ketones as follows: 


ALDEHYDES KETONES 
or RCHO or RCOR' 
A, J, 


(R=H in formaldehyde) (where R' is an alkyl group that 


may be the same or different from R) 


Some specific examples of aldehydes and ketones are the following: 


| E 


Review Problem 2.15 


Review Problem 2.16 


Review Problem 2.17 


2.9 Aldehydes and Ketones 


Acetaldehyde 


oO "C pi О С 
Н Js H A H CeHs5 H € 

Formaldehyde Acetaldehyde _ Benzaldehyde Acetone Ethyl methyl ketone 

z Ö: 

ге; 

EN H 
SS 
trans-Cinnamaldehyde y Carvone 
(present in cinnamon) Бе ЖАГ. a (from spearmint) 
Cinnamon Spearmint 
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На ful Hint Aldehydes and ketones have a trigonal planar arrangement of groups around the car- 
A ue sni i bonyl carbon atom. The carbon atom is sp? hybridized. In formaldehyde, for example, the 


Computer molecular models can bond angles are as follows: 


be found in the 3D Models section 


of the book's website for these O: 
and many other compounds we 124° 121° 
discuss in this book. ZIN 
HAH 
118° 
Review Problem 2.18 Write the resonance structure for carvone that results from moving the electrons as indi- 


cated. Include all formal charges. 


O 
La 


~ 


Retinal (below) is an aldehyde made from vitamin А that plays a vital role in vision. We 
discuss this further in Chapter 13. 


МИ RAT LN 


Retinal 


Review Problem 2.19 Write bond-line formulas for (a) four aldehydes and (b) three ketones that have the for- 
mula C5H490. 


2.10 Carboxylic Acids, Esters, and Amides 


Carboxylic acids, esters, and amides all contain a carbonyl group that is bonded to an oxy- 
gen or nitrogen atom. As we shall learn in later chapters, all of these functional groups are 
interconvertible by appropriately chosen reactions. 


2.10A Carboxylic Acids 


Carboxylic acids have a carbonyl group bonded to a hydroxyl group, and they have the 


T T 
general formula C . The functional group, „О , is called the carboxyl 
R^ “он ^ “о-н 


group (carbonyl + hydroxyl): 


| о | 
С. H or - or  RCO;H С. H or —CO; or —COOH 
R^ al ey l il 
A carboxylic acid The carboxyl group 


Examples of carboxylic acids are formic acid, acetic acid, and benzoic acid: 
| o 
C. . H ог = or HCO,H 
H P dudo." 67 H p OH 


Formic acid 


2.10 Carboxylic Acids, Esters, and Amides 


bi o 
C. . JH or . or CH,CO; 
CH; 70^ Aen 
Acetic acid 
Koy 


Benzoic acid 


Formic acid is an irritating liquid produced by ants. (The sting of the ant is caused, in part, 
by formic acid being injected under the skin. Formic is the Latin word for ant.) Acetic acid, 
the substance responsible for the sour taste of vinegar, is produced when certain bacteria 
act on the ethyl alcohol of wine and cause the ethyl alcohol to be oxidized by air. 


When formic acid donates the proton from its oxygen to a base, a formate ion is the result. 
Write another resonance structure for formic acid and for the formate ion. Which species, 
formic acid or the formate ion, would be most stabilized by resonance? 


Write bond-line formulas for four carboxylic acids with the formula C5H49O». 


2.10B Esters 


Esters have the general formula АСОВА’ (or RCOOR’), where a carbonyl group is bonded 
to an alkoxyl (—OR) group: 


| s: 

s or RCO;R' 

General formula for an ester 

o a 

l о 

.. ог oe 

CH; “ӧсн,сн, yore: 
Ethyl acetate is an important solvent. 


О 
РЦ 


Pentyl butanoate has the odor of apricots and pears. 


or | CH,CO;CH;CH, 


Write bond-line formulas for three esters with the formula С5Н1002. 


Write another resonance structure for ethyl acetate. Include formal charges. 


Esters can be made from a carboxylic acid and an alcohol through the acid-catalyzed loss 
of a molecule of water. For example: 


| acid-catalyzed | 


C + HOCH;CH, | > С + H,O 
CH; “он сн “осн,сн, 
Acetic acid Ethyl alcohol Ethyl acetate 


Your body makes esters from long-chain carboxylic acids called "fatty acids" by combin- 
ing them with glycerol. We discuss their chemistry in detail in Chapter 23. 


| је 
Acetic acid 


Review Problem 2.20 


Review Problem 2.21 


Ethyl acetate 


The ester pentyl butanoate has 
the odor of apricots and pears. 


Review Problem 2.22 
Review Problem 2.23 
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2.10C Amides 


Amides have the formulas RCONH»s, RCONHR', or RCONR'R" where a carbonyl group 
is bonded to a nitrogen atom bearing hydrogen and/or alkyl groups. General formulas and 
some specific examples are shown below. 


R " R h R " 
H H R" 
Nylon is a polymer comprised of An unsubstituted amide Ап N-substituted amide Ап N,N-disubstituted amide 


regularly repeating amide groups. р 
General formulas for amides 


| | 
H Me 


Acetamide N-Methylacetamide N,N-Dimethylacetamide 


o 6: o 
p Ai A s Me 
H 


Specific examples of amides 


Acetamide N- and N,N- indicate that the substituents are attached to the nitrogen atom. 


Review Problem 2.24 Write another resonance structure for acetamide. 


2.11 Nitriles 


A nitrile has the formula R—C=N: (or R—CN). The carbon and the nitrogen of a nitrile 
are sp hybridized. In IUPAC systematic nomenclature, acyclic nitriles are named by adding 
the suffix -nitrile to the name of the corresponding hydrocarbon. The carbon atom of the 
— CN group is assigned number 1. The name acetonitrile is an acceptable common name 
for CH3CN, and acrylonitrile is an acceptable common пате for CH2—CHON: 


2 1 4 3 2 1 
CH,—C=N : CH,CH,CH,—C=N : 
Ethanenitrile Butanenitrile 


(acetonitrile) 


2 N 
1 5 3 1 
$277 CN Nd 
Propenenitrile 4-Pentenenitrile 


(acrylonitrile) 


Acetonitrile 


Cyclic nitriles are named by adding the suffix -carbonitrile to the name of the ring system 
to which the —CN group is attached. Benzonitrile is an acceptable common name for CgHsCN: 


wi NE 


Benzenecarbonitrile | Cyclohexanecarbonitrile 
(benzonitrile) 


2.12 Summary of Important Families of Organic Compounds 


A summary of the important families of organic compounds is given in Table 2.3. You 
should learn to identify these common functional groups as they appear in other, more com- 
plicated molecules. 


2.13 Physical Properties and Molecular Structure nans 73 


2.13 Physical Properties and Molecular Structure 


So far, we have said little about one of the most obvious characteristics of organic com- 
pounds, that is, their physical state or phase. Whether a particular substance is a solid, or 
a liquid, or a gas would certainly be one of the first observations that we would note in any 
experimental work. The temperatures at which transitions occur between phases, that is, 
melting points (mp) and boiling points (bp), are also among the more easily measured 
physical properties. Melting points and boiling points are also useful in identifying and 
isolating organic compounds. 

Suppose, for example, we have just carried out the synthesis of an organic compound 
that is known to be a liquid at room temperature and 1 atm pressure. If we know the boil- 
ing point of our desired product and the boiling points of by-products and solvents that may 
be present in the reaction mixture, we can decide whether or not simple distillation will be 
a feasible method for isolating our product. 

In another instance our product might be a solid. In this case, in order to isolate the substance 
by crystallization, we need to know its melting point and its solubility in different solvents. 

The physical constants of known organic substances are easily found in handbooks and 
other reference books.* Table 2.4 lists the melting and boiling points of some of the com- 
pounds that we have discussed in this chapter. 

Often in the course of research, however, the product of a synthesis is anew compound— He Ipful Hint 
one that has never been described before. In these instances, success in isolating the new 

: : И ‘ ; syi Understanding how molecular 

compound depends on making reasonably accurate estimates of its melting point, boiling structure influences physical 
point, and solubilities. Estimations of these macroscopic physical properties are based on properties is very useful in 
the most likely structure of the substance and on the forces that act between molecules and practical organic chemistry. 
ions. The temperatures at which phase changes occur are an indication of the strength of 
these intermolecular forces. 


CCID Important Families of Organic Compounds 


Family 
Alkane Alkene Alkyne Aromatic Haloalkane Alcohol Ether 
| oN 2 | |. | L == ud 
Functional and C=C —C=C— Aromatic —C—X: —C—OH —C—0—C-— 
group C—C £ ^ ring | | | | 
bonds 
RCH=CH3 
General RCH=CHR RC=CH 
formula i R2C—CHHR  RC=CR n i ROH ROR 
R2C—CRs 
Spedfic Сн.сн; CH=CH; HC=CH © CH3CHəCI  CH3CH»OH CH30CH3 
example 
IUPAC 
ne Ethane Ethene Ethyne Benzene Chloroethane Ethanol Methoxymethane 
Common Ethane Ethylene Acetylene Benzene Ethyl Ethyl Dimethyl ether 
name? chloride alcohol 


? These names are also accepted by the IUPAC. 


*Two useful handbooks are Handbook of Chemistry, Lange, N. A., Ed., McGraw-Hill: New York; and CRC 
Handbook of Chemistry and Physics, CRC: Boca Raton, FL. 


74 


Chapter 2 Families of Carbon Compounds 


СЗЭ Important Families of Organic Compounds (cont.) 


Family 
Amine Aldehyde Ketone Carboxylic Acid Ester Amide Nitrile 
Functional | кој геу O O 
== A, ok Др Д 
^u -o7 ge P “ӧн P “oc 27 чи 
1 
RCNH; 
General ВМН» О о о О 
formula RəNH | | | | 
RN RCR’ RCOH RCOR' RCNHR' RCN 
1 
RCNR'R" 
Р О О О О 
Specific CH3NH> | | | | CH3C=N 
example CH3CH CH3CCH3 CH4COH CH3COCH, CH4CNH; 
IUPAC Methanamine Ethanal Propanone Ethanoic acid Methyl ethanoate  Ethanamide — Ethanenitrile 
name 
Common Methylamine Acetaldehyde Acetone Acetic acid Methyl acetate Acetamide Acetonitrile 
name 


Figure 2.6 The melting of 
sodium acetate. 


2.13A lonic Compounds: lon-lon Forces 


The melting point of a substance is the temperature at which an equilibrium exists between 
the well-ordered crystalline state and the more random liquid state. If the substance is an 
ionic compound, such as sodium acetate (Table 2.4), the ion-ion forces that hold the ions 
together in the crystalline state are the strong electrostatic lattice forces that act between 
the positive and negative ions in the orderly crystalline structure. In Fig. 2.6 each sodium 
ion is surrounded by negatively charged acetate ions, and each acetate ion is surrounded 
by positive sodium ions. A large amount of thermal energy is required to break up the 
orderly structure of the crystal into the disorderly open structure of a liquid. As a result, 
the temperature at which sodium acetate melts is quite high, 324°C. The boiling points of 
ionic compounds are higher still, so high that most ionic organic compounds decompose 
(are changed by undesirable chemical reactions) before they boil. Sodium acetate shows 
this behavior. 
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1257 ) Physical Properties of Representative Compounds 


mp bp (*C) 

Compound Structure (°C) (1 atm)? 

Methane CH, —182.6 —162 

Ethane CH3CH3 –172 —88.2 

Ethene СНь=СН» —169 —102 

Ethyne HC=CH —82 —84 subl 

Chloromethane CH3CI —97 —23.7 

Chloroethane CH3CH>Cl —138.7 13.1 

Ethyl alcohol CH3CH20H -114 78.5 

Acetaldehyde CH3CHO —121 20 

Acetic acid CH3CO5H 16.6 118 

Sodium acetate CH3CO.Na 324 dec 

Ethylamine CH3CH2NH> —80 17 

Diethyl ether (CH3CH3)20 —116 34.6 

Ethyl acetate CH3COs2CH2CH3 —84 77 
6 — ee An instrument used to 
ап this table dec = decomposes and subl = sublimes. measure melting point 


From PAVIA/LAMPMAN/KRIEL. 


2.13B Intermolecular Forces (van der Waals Forces) Introduction to Organic 
Laboratory Techniques: A 


The forces that act between molecules are not as strong as those between ions, but they Microscale Approach (with 
account for the fact that even completely nonpolar molecules can exist in liquid and solid Periodic Table), 3E. © 1999 
states. These intermolecular forces, collectively called van der Waals forces, are all elec- Brooks/ Cole, a part of Cengage 

: Ў ill f ; hicet . Learning, Inc. Reproduced by 
trical in nature. We will focus our attention on three types: permission. www.cengage.com/ 
permissions. 


1. Dipole-dipole forces 
2. Hydrogen bonds 


3. Dispersion forces 


Dipole-Dipole Forces Most organic molecules are not fully ionic but have instead a 
permanent dipole moment resulting from a nonuniform distribution of the bonding elec- 
trons (Section 2.3). Acetone and acetaldehyde are examples of molecules with permanent 
dipoles because the carbonyl group that they contain is highly polarized. In these com- 
pounds, the attractive forces between molecules are much easier to visualize. In the liquid 
or solid state, dipole-dipole attractions cause the molecules to orient themselves so that 
the positive end of one molecule is directed toward the negative end of another (Fig. 2.7). 


Figure 2.7 Electrostatic potential 
models for acetone molecules that show 
how acetone molecules might align 
according to attractions of their partially 
positive regions and partially negative 
regions (dipole-dipole interactions). 


Hydrogen Bonds 


Ф Very strong dipole-dipole attractions occur between hydrogen atoms bonded to 
small, strongly electronegative atoms (O, N, or F) and nonbonding electron pairs 
on other such electronegative atoms. This type of intermolecular force is called a 
hydrogen bond. 


Hydrogen bonds (bond dissociation energies of about 4—38 kJ mol` 1) are weaker than ordi- 
nary covalent bonds but much stronger than the dipole-dipole interactions that occur above, 
for example, in acetone. 
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Hydrogen bonding explains why water, ammonia, and hydrogen fluoride all have far 
higher boiling points than methane (bp —161.6?C), even though all four compounds have 
similar molecular weights. 


ô+ ô+ ô+ ô+ 
H H H H 
| | ô+ $- ô+ $- ô+ | ô+ | 
— S HPP HN HI Ne 
H^ x UH E | | 
H H 
ô+ ô+ 
bp 100°C bp 19.5°C bp -33.4^C 


Hydrogen bonds are shown by the red dots. 


One of the most important consequences of hydrogen bonding is that it causes water to be 
a liquid rather than a gas at 25?C. Calculations indicate that in the absence of hydrogen 
bonding, water would have a boiling point near — 80°C and would not exist as а liquid unless 
the temperature were lower than that temperature. Had this been the case, it is highly 
unlikely that life, as we know it, could have developed on the planet Earth. 

Hydrogen bonds hold the base pairs of double-stranded DNA together (see Section 25.4). 
Thymine hydrogen bonds with adenine. Cytosine hydrogen bonds with guanine. 

Hydrogen bonding accounts for the fact that ethyl alcohol has a much higher boiling 
point (+78.5°C) than dimethyl ether (—24.9°C) even though the two compounds have the 


Water molecules associated by 
attraction of opposite partial 
charges. 


Н.С 'O:---H— 


à \ 
j Мм DNA backbone NX )—N DNA backbone 
DNA backbone > DNA backbone О». 1 


Thymine Adenine Cytosine Guanine 


same molecular weight. Molecules of ethyl alcohol, because they have a hydrogen atom 
covalently bonded to an oxygen atom, can form strong hydrogen bonds to each other. 


m The red dots represent a 
CH,CH, H hydrogen bond. Strong 
à-, ô+ 8 hydrogen bonding is 
:О— Н S limited to molecules 
having a hydrogen atom 
CH,CH, attached to an O, N, or 
F atom. 


Molecules of dimethyl ether, because they lack a hydrogen atom attached to a strongly elec- 
tronegative atom, cannot form strong hydrogen bonds to each other. In dimethyl ether the 
intermolecular forces are weaker dipole—dipole interactions. 


Review Problem 2.25 The compounds in each part below have the same (or similar) molecular weights. Which com- 
pound in each part would you expect to have the higher boiling point? Explain your answers. 
ge oH o c S x, (b) (СНУ or CHa, 

N 
(у) У Хон o но OH. H 


A factor (in addition to polarity and hydrogen bonding) that affects the melting point of 
many organic compounds is the compactness and rigidity of their individual molecules. 


€ Molecules that are symmetrical generally have abnormally high melting points. 
tert-Butyl alcohol, for example, has a much higher melting point than the other 
isomeric alcohols shown here: 
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tert-Butyl alcohol Butyl alcohol Isobutyl alcohol sec-Butyl alcohol 
(mp 25°C) (mp —90°C) (mp —108?C) (mp —114°C) 
Which compound would you expect to have the higher melting point, propane or cyclo- Review Problem 2.26 


propane? Explain your answer. 


Figure 2.8 Temporary dipoles 


and induced dipoles in nonpolar 
molecules resulting from an 
uneven distribution of electrons 
at a given instant. 


Dispersion Forces If we consider a substance like methane where the particles are non- 
polar molecules, we find that the melting point and boiling point are very low: —182.6?C 
and — 162°C, respectively. Instead of asking, “Why does methane melt and boil at low tem- 
peratures?” a more appropriate question might be “Why does methane, a nonionic, nonpo- 
lar substance, become a liquid or a solid at all?" The answer to this question can be given 
in terms of attractive intermolecular forces called dispersion forces or London forces. 
An accurate account of the nature of dispersion forces requires the use of quantum mechan- 
ics. We can, however, visualize the origin of these forces in the following way. The average 
distribution of charge in a nonpolar molecule (such as methane) over a period of time is uni- 
form. At any given instant, however, because electrons move, the electrons and therefore the 
charge may not be uniformly distributed. Electrons may, in one instant, be slightly accumu- 
lated on one part of the molecule, and, as a consequence, a small temporary dipole will occur 
(Fig. 2.8). This temporary dipole in one molecule can induce opposite (attractive) dipoles in 
surrounding molecules. It does this because the negative (or positive) charge in a portion of 


one molecule will distort the electron cloud of an adjacent portion of another molecule, caus- A microscale 
ing an opposite charge to develop there. These temporary dipoles change constantly, but the distillation apparatus 
net result of their existence is to produce attractive forces between nonpolar molecules and |. om РАМА, /LAMPMAN/KRIEL. 
thus make possible the existence of their liquid and solid states. Introduction to Organic 
Two important factors determine the magnitude of dispersion forces. Laboratory Techniques: A 


А А Л : . E Microscale Approach (with 
1. The relative polarizability of electrons of the atoms involved. By polarizability we ^ Periodic Table ), 3E. © 1999 


mean how easily the electrons respond to a changing electric field. The electrons of ^ Brooks/Cole, a part of Cengage 
large atoms such as iodine are loosely held and are easily polarized, while the elec- Learning, Inc. Reproduced by 
trons of small atoms such as fluorine are more tightly held and are much less polar- Permission. www.cengage.com/ 
izable. Atoms with unshared pairs are more easily polarized than atoms with only pue 

bonding pairs. Table 2.5 gives the relative magnitudes of dispersion forces and 

dipole-dipole interactions for several simple compounds. Notice with HI the disper- 

sion forces are far more important than dipole-dipole forces, whereas with H2O, 

dipole-dipole forces (of the kind we call hydrogen bonds) are more important. 


| TABLE 2.5 | Attractive Energies in Simple Covalent Compounds 


Attractive Energies (kJ mol‘) 


Dipole Dipole- Melting Boiling 
Molecule Moment (D) Dipole Dispersion Point (°C) Point (°C) at 1 atm 
НО 1.85 36? 8.8 0 100 
NH3 1.47 14? 15 —78 —33 
HCI 1.08 3? 17 —115 —85 
HBr 0.80 0.8 22 —88 —67 
HI 0.42 0.03 28 —51 —35 


? These dipole-dipole attractions are called hydrogen bonds. 
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Dispersion forces are what 
provides a gecko's grip to 
smooth surfaces. 
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CF, and Cl, are both nonpolar molecules. But if we were to consider the intermolecular forces 
between two Cl, molecules, which contain polarizable iodine atoms, we would find that the 
dispersion forces are much larger than between two CF, molecules, which contains fluorine 
atoms that are not very polarizable. 


2. The relative surface area of the molecules involved. The larger the surface area, 
the larger is the overall attraction between molecules caused by dispersion forces. 
Molecules that are generally longer, flatter, or cylindrical have a greater surface area 
available for intermolecular interactions than more spherical molecules, and conse- 
quently have greater attractive forces between them than the tangential interactions 
between branched molecules. This is evident when comparing pentane, the 
unbranched C5H42 hydrocarbon, with neopentane, the most highly branched C5H42 
isomer (in which one carbon bears four methyl groups). Pentane has a boiling point 
of 36.1°C. Neopentane has a boiling point of 9.5?C. The difference in their boiling 
points indicate that the attractive forces between pentane molecules are stronger than 
between neopentane molecules. 


For large molecules, the cumulative effect of these small and rapidly changing dispersion 
forces can lead to a large net attraction. 


2.13C Boiling Points 


The boiling point of a liquid is the temperature at which the vapor pressure of the liquid 
equals the pressure of the atmosphere above it. For this reason, the boiling points of liq- 
uids are pressure dependent, and boiling points are always reported as occurring at a par- 
ticular pressure, at 1 atm (or at 760 torr), for example. A substance that boils at 150?C at 
1 atm pressure will boil at a substantially lower temperature if the pressure is reduced to, 
for example, 0.01 torr (a pressure easily obtained with a vacuum pump). The normal boil- 
ing point given for a liquid is its boiling point at 1 atm. 

In passing from a liquid to a gaseous state, the individual molecules (or ions) of the sub- 
stance must separate. Because of this, we can understand why ionic organic compounds 
often decompose before they boil. The thermal energy required to completely separate 
(volatilize) the ions is so great that chemical reactions (decompositions) occur first. 


THE CHEMISTRY OF... 


Fluorocarbons and Teflon 


Fluorocarbons (compounds containing only carbon and flu- The fluorocarbon called Teflon [CFoCFo], (see Section 
orine) have extraordinarily low boiling points when com- 10.10) has self-lubricating properties that are exploited in 
pared to hydrocarbons of the same molecular weight. The making "nonstick" frying pans and lightweight bearings. 


fluorocarbon С5Р42 has a slightly lower boiling point than 

pentane (C5H42) even though it has a far higher molecular etc. 
weight. The important factor in explaining this behavior is 

the very low polarizability of fluorine atoms that we men- 

tioned earlier, resulting in very small dispersion forces. 


etc. 


2.13 Physical Properties and Molecular Structure 


Nonpolar compounds, where the intermolecular forces are very weak, usually boil at low 
temperatures even at 1 atm pressure. This is not always true, however, because of other fac- 
tors that we have not yet mentioned: the effects of molecular weight and molecular shape and 
surface area. Heavier molecules require greater thermal energy in order to acquire velocities 
sufficiently great to escape the liquid phase, and because the surface areas of larger mole- 
cules can be much greater, intermolecular dispersion attractions can also be much larger. These 
factors explain why nonpolar ethane (bp —88.2°C) boils higher than methane (bp — 162°C) 
at a pressure of 1 atm. It also explains why, at 1 atm, the even heavier and larger nonpolar 
molecule decane (СлрН22) boils at + 174?C. The relationship between dispersion forces and 
surface area helps us understand why neopentane (2,2-dimethylpropane) has a lower boiling 
point (9.5°C) than pentane (36.1°C), even though they have the same molecular weight. The 
branched structure of neopentane allows less surface interaction between neopentane mole- 
cules, hence lower dispersion forces, than does the linear structure of pentane. 


Solved Problem 2.6 


Arrange the following compounds according to their expected boiling points, with the lowest boiling point first, 


and explain your answer. Notice that the compounds have similar molecular weights. 


е уге 


Diethyl ether sec-Butyl alcohol Pentane 


STRATEGY AND ANSWER 


Pentane < diethyl ether < sec-butyl alcohol 


Pentane has no polar groups and has only dispersion forces holding its molecules together. It would have the low- 
est boiling point. Diethyl ether has the polar ether group that provides dipole-dipole forces which are greater than 
dispersion forces, meaning it would have a higher boiling point than pentane. sec-Butyl alcohol has an — OH group 
that can form strong hydrogen bonds; therefore, it would have the highest boiling point. 


Arrange the following compounds in order of increasing boiling point. Explain your answer 
in terms of the intermolecular forces in each compound. 


LA SSS gu 
М 
(а) (b) (c) (d) 


2.13D Solubilities 


Intermolecular forces are of primary importance in explaining the solubilities of substances. 
Dissolution of a solid in a liquid is, in many respects, like the melting of a solid. The orderly 
crystal structure of the solid is destroyed, and the result is the formation of the more disor- 
derly arrangement of the molecules (or ions) in solution. In the process of dissolving, too, the 
molecules or ions must be separated from each other, and energy must be supplied for both 
changes. The energy required to overcome lattice energies and intermolecular or interionic 
attractions comes from the formation of new attractive forces between solute and solvent. 


Review Problem 2.27 


Heipful Hint 


Your ability to make qualitative 
predictions regarding solubility 
will prove very useful in the 
organic chemistry laboratory. 
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Figure 2.9 The dissolution of 
an ionic solid in water, showing 
the hydration of positive and 
negative ions by the very polar 
water molecules. The ions 
become surrounded by water 
molecules in all three 
dimensions, not just the 

two shown here. 
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Consider the dissolution of an ionic substance as an example. Here both the lattice energy 
and interionic attractions are large. We find that water and only a few other very polar sol- 
vents are capable of dissolving ionic compounds. These solvents dissolve ionic compounds 
by hydrating or solvating the ions (Fig. 2.9). 

Water molecules, by virtue of their great polarity as well as their very small, compact 
shape, can very effectively surround the individual ions as they are freed from the crystal 
surface. Positive ions are surrounded by water molecules with the negative end of the water 
dipole pointed toward the positive ion; negative ions are solvated in exactly the opposite 
way. Because water is highly polar, and because water is capable of forming strong hydro- 
gen bonds, the ion-dipole forces of attraction are also large. The energy supplied by the 
formation of these forces is great enough to overcome both the lattice energy and interi- 
onic attractions of the crystal. 

A general rule for solubility is that “like dissolves like" in terms of comparable polarities. 


@ Polar and ionic solids are usually soluble in polar solvents. 
9 Polar liquids are usually miscible. 

€ Nonpolar solids are usually soluble in nonpolar solvents. 
€ Nonpolar liquids are usually miscible. 


€ Polar and nonpolar liquids, like oil and water, are usually not soluble to large 
extents. 


Methanol and water are miscible in all proportions; so too are mixtures of ethanol and 
water and mixtures of both propyl alcohols and water. In these cases the alkyl groups of 
the alcohols are relatively small, and the molecules therefore resemble water more than they 
do an alkane. Another factor in understanding their solubility is that the molecules are capa- 
ble of forming strong hydrogen bonds to each other: 


rs. РА 
&- Н Hydrogen bond 
‘ope 
ge 
EN H?* 
Ол. 


We often describe molecules ог parts of molecules as being hydrophilic or hydropho- 
bic. The alkyl groups of methanol, ethanol, and propanol are hydrophobic. Their hydroxyl 
groups are hydrophilic. 
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€ Hydrophobic means incompatible with water (hydro, water; phobic, fearing or 
avoiding). 


€ Hydrophilic means compatible with water (philic, loving or seeking). 


"есуі alcohol, with a chain of 10 carbon atoms, is a compound whose hydrophobic alkyl 
group overshadows its hydrophilic hydroxyl group in terms of water solubility. 


Hydrophobic portion Hydrophilic 


PO a 2 group 


Decyl alcohol 


An explanation for why nonpolar groups such as long alkane chains avoid an aqueous 
environment, that is, for the so-called hydrophobic effect, is complex. The most impor- 
tant factor seems to involve an unfavorable entropy change in the water. Entropy changes 
(Section 3.10) have to do with changes from a relatively ordered state to a more disordered 
one or the reverse. Changes from order to disorder are favorable, whereas changes from 
disorder to order are unfavorable. For a nonpolar hydrocarbon chain to be accommodated 
by water, the water molecules have to form a more ordered structure around the chain, and 
for this, the entropy change is unfavorable. 

We will see in Section 23.2C that the presence of a hydrophobic group and a hydrophilic 
group are essential components of soaps and detergents. 


O 
pec фер - - о ~ 


A typical soap molecule 


O JO 


КУ 


S 
p Cu RUP SC ORS ae o ^ O-Na* 
A typical detergent molecule 


The hydrophobic long carbon chains of a soap or detergent embed themselves in the oily 
layer that typically surrounds the thing we want to wash away. The hydrophilic ionic groups 
at the ends of the chains are then left exposed on the surface and make the surface one that 
water molecules find attractive. Oil and water don't mix, but now the oily layer looks like 
something ionic and the water can take it “right down the drain.” 


2.13bE Guidelines for Water Solubility 


Organic chemists usually define a compound as water soluble if at least 3 g of the organic 
compound dissolves in 100 mL of water. We find that for compounds containing one 
hydrophilic group—and thus capable of forming strong hydrogen bonds—the following 
approximate guidelines hold: Compounds with one to three carbon atoms are water solu- 
ble, compounds with four or five carbon atoms are borderline, and compounds with six car- 
bon atoms or more are insoluble. 

When a compound contains more than one hydrophilic group, these guidelines do not 
apply. Polysaccharides (Chapter 22), proteins (Chapter 24), and nucleic acids (Chapter 25) 
all contain thousands of carbon atoms and many are water soluble. They dissolve in water 
because they also contain thousands of hydrophilic groups. 


2.13F Intermolecular Forces in Biochemistry 


Later, after we have had a chance to examine in detail the properties of the molecules that make 
up living organisms, we shall see how intermolecular forces are extremely important in the 
functioning of cells. Hydrogen bond formation, the hydration of polar groups, and the ten- 
dency of nonpolar groups to avoid a polar environment all cause complex protein molecules 


Hydrogen bonding 

(red dotted lines) in 

the o-helix structure 
of proteins 


(Illustration, Irving Geis. Rights 
owned by Howard Hughes 
Medical Institute. Not to be 
reproduced without permission.) 
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to fold in precise ways—ways that allow them to function as biological catalysts of incredi- 
ble efficiency. The same factors allow molecules of hemoglobin to assume the shape needed 
to transport oxygen. They allow proteins and molecules called lipids to function as cell mem- 
branes. Hydrogen bonding gives certain carbohydrates a globular shape that makes them highly 
efficient food reserves in animals. It gives molecules of other carbohydrates a rigid linear shape 
that makes them perfectly suited to be structural components in plants. 


2.14 Summary of Attractive Electric Forces 


The attractive forces occurring between molecules and ions that we have studied so far are 
summarized in Table 2.6. 


| TABLE 26 | С 3 Attractive Electric Forces 


Electric Force Relative Strength Type Example 
Cation—anion (in a crystal) Very strong 3 ə Sodium chloride crystal lattice 
Covalent bonds Strong (140-523 kJ mol!) Shared electron pairs H—H (436 kJ mol!) 


CH3—CH (378 kJ mol!) 
1—1 (151 kJ тој“ ') 


ô+ 
aA 
ô+ ó- Bed 5 
lon- dipole Moderate 3 3 $9 i Ма“ in water (see Fig. 2.9) 
ô- 
ô+ 
ә 84 
Hydrogen bonds Moderate to weak —Zi5H— 
(4-38 kJ mol!) 
6+ 6- êt 6- 
Dipole-dipole Weak CH3Cl - - - CH3Cl 
Dispersion Variable Transient dipole Interactions between 


methane molecules 


THE CHEMISTRY OF... 


Organic Templates Engineered to Mimic Bone Growth 


Intermolecular forces play a myriad of roles in life and in the ceilings, keep water from boiling at room temperature and 
world around us. Intermolecular forces hold together the ordinary pressure, and literally provide the adhesive forces 
strands of our DNA, provide structure to our cell mem- that hold our cells, bones, and tissues together. As these 
branes, cause the feet of gecko lizards to stick to walls and examples show, the world around us provides exquisite 


2.15 Infrared Spectroscopy: An Instrumental Method for Detecting Functional Groups ТА 83 


instruction in nanotechnology and bioengineering, and sci- 
entists throughout the ages have been inspired to create 
and innovate based on nature. One target of recent research 
in bioengineering is the development of synthetic materials 
that mimic nature's template for bone growth. A synthetic 
material with bone-promoting properties could be used to 
help repair broken bones, offset osteoporosis, and treat 
bone cancer. 

Both natural bone growth and the synthetic system under 
development depend strongly on intermolecular forces. In 
living systems, bones grow by adhesion of specialized cells 
to a long fibrous natural template called collagen. Certain 
functional groups along the collagen promote the binding 
of bone-growing cells, while other functional groups facili- 
tate calcium crystallization. Chemists at Northwestern 
University (led by S. |. Stupp) have engineered a molecule 
that can be made in the laboratory and that mimics this 


process. The molecule shown below spontaneously self- 
assembles into a long tubular aggregate, imitating the fibers 
of collagen. Dispersion forces between hydrophobic alkyl 
tails on the molecule cause self-assembly of the molecules 
into tubules. At the other end of the molecule, the 
researchers included functional groups that promote cell 
binding and still other functional groups that encourage cal- 
cium crystallization. Lastly, they included functional groups 
that allow one molecule to be covalently linked to its neigh- 
bors after the self-assembly process has occurred, thus 
adding further stabilization to the initially noncovalent struc- 
ture. Designing all of these features into the molecular struc- 
ture has paid off, because the self-assembled fiber promotes 
calcium crystallization along its axis, much like nature's col- 
lagen template. This example of molecular design is just one 
exciting development at the intersection of nanotechnology 
and bioengineering. 
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(Reprinted with permission from Hartgerink, J. D., Beniash, E., Stupp, S. l., SCIENCE 294: 
1684-1688, Figure 1 (2001). Copyright 2001 AAAS.) 


2.15 Infrared Spectroscopy: An Instrumental Method 


for Detecting Functional Groups 


Infrared (IR) spectroscopy is a simple and rapid instrumental technique that can give evi- 
dence for the presence of various functional groups. If you had a sample of unknown iden- 
tity, among the first things you would do is obtain an infrared spectrum, along with 
determining its solubility in common solvents and its melting and/or boiling point. 

Infrared spectroscopy, as all forms of spectroscopy, depends on the interaction of mol- 
ecules or atoms with electromagnetic radiation. Infrared radiation causes atoms and groups 
of atoms of organic compounds to vibrate with increased amplitude about the covalent bonds 
that connect them. (Infrared radiation is not of sufficient energy to excite electrons, as is 
the case when some molecules interact with visible, ultraviolet, or higher energy forms of 
light.) Since the functional groups of organic molecules include specific arrangements of 
bonded atoms, absorption of IR radiation by an organic molecule will occur at specific fre- 
quencies characteristic of the types of bonds and atoms present in the specific functional 
groups of that molecule. These vibrations are quantized, and as they occur, the compounds 
absorb IR energy in particular regions of the IR portion of the spectrum. 


84 


Chapter 2 Families of Carbon Compounds 


Laser for wavelength calibration 


IR radiation source 


Michelson 
interferometer: 
Mobile mirror 
Beam splitter 
Fixed mirror 


Spectrum 


Fourier- 
transform 


Interferogram 


Figure 2.10 A diagram of a Fourier transform infrared (FTIR) spectrometer. FTIR spectrometers 
employ a Michelson interferometer, which splits the radiation beam from the IR source so that it 
reflects simultaneously from a moving mirror and a fixed mirror, leading to interference. After the 
beams recombine, they pass through the sample to the detector and are recorded as a plot of time 
versus signal intensity, called an interferogram. The overlapping wavelengths and the intensities of 
their respective absorptions are then converted to a spectrum by applying a mathematical 
operation called a Fourier transform. 

The FTIR method eliminates the need to scan slowly over a range of wavelengths, as was the case 
with older types of instruments called dispersive IR spectrometers, and therefore FTIR spectra can be 
acquired very quickly. The FTIR method also allows greater throughput of IR energy. The combination 
of these factors gives FTIR spectra strong signals as compared to background noise (i.e., a high signal 
to noise ratio) because radiation throughput is high and rapid scanning allows multiple spectra to be 
averaged in a short period of time. The result is enhancement of real signals and cancellation of 
random noise. (Diagram adapted from the computer program IR Tutor, Columbia University.) 


An infrared spectrometer (Fig. 2.10) operates by passing a beam of IR radiation through 
a sample and comparing the radiation transmitted through the sample with that transmit- 
ted in the absence of the sample. Any frequencies absorbed by the sample will be appar- 
ent by the difference. The spectrometer plots the results as a graph showing absorbance 
versus frequency or wavelength. 


@ The position of an absorption band (peak) in an IR spectrum is specified in units of 
wavenumbers (7). 


Wavenumbers are the reciprocal of wavelength when wavelength is expressed in cen- 
timeters (the unit is ст“ !), and therefore give the number of wave cycles per centimeter. 
The larger the wavenumber, the higher is the frequency of the wave, and correspondingly 
the higher is the frequency of the bond absorption. IR absorptions are sometimes, though 
less commonly, reported in terms of wavelength (A), in which case the units are microm- 
eters (uum; old name micron, ш). Wavelength is the distance from crest to crest of a wave. 


1 1 
v= p (with A in cm) or po." 


(with A in ит) 

In their vibrations covalent bonds behave as if they were tiny springs connecting the 
atoms. When the atoms vibrate, they can do so only at certain frequencies, as if the bonds 
were “tuned.” Because of this, covalently bonded atoms have only particular vibrational 
energy levels; that is, the levels are quantized. 

The excitation of a molecule from one vibrational energy level to another occurs only 
when the compound absorbs IR radiation of a particular energy, meaning a particular wave- 
length or frequency. Note that the energy (E) of absorption is directly proportional to the 


frequency of radiation (v) because AE — (o and inversely proportional to the wavelength 
(A) because v — re and therefore AE = == 
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Molecules can vibrate in a variety of ways. Two atoms joined by a covalent bond can 
undergo a stretching vibration where the atoms move back and forth as if joined by a spring. 
Three atoms can also undergo a variety of stretching and bending vibrations. 


e www. 


A stretching vibration 


- | ce 


o 
An in-plane An out-of-plane 
bending vibration bending vibration 
(scissoring) (twisting) 


The frequency of a given stretching vibration in an IR spectrum can be related to two 
factors. These are the masses of the bonded atoms—light atoms vibrate at higher frequen- 
cies than heavier ones—and the relative stiffness of the bond. (These factors are accounted 
for in Hooke’s law, a relationship you may study in introductory physics.) Triple bonds are 
stiffer (and vibrate at higher frequencies) than double bonds, and double bonds are stiffer 
(and vibrate at higher frequencies) than single bonds. We can see some of these effects in 
Table 2.7. Notice that stretching frequencies of groups involving hydrogen (a light atom) 
such as C—H, N—H, and O—H all occur at relatively high frequencies: 


GROUP BOND FREQUENCY RANGE (стт!) 
Alkyl C—H 2853-2962 
Alcohol O—H 3590-3650 
Amine N—H 3300-3500 
Notice, too, that triple bonds vibrate at higher frequencies than double bonds: 
BOND FREQUENCY RANGE (стг!) 
С=С 2100-2260 
C=N 2220-2260 
C=C 1620-1680 
C—O 1630-1780 


€ Not all molecular vibrations result in the absorption of IR energy. In order for а 
vibration to occur with the absorption of IR energy, the dipole moment of the 
molecule must change as the vibration occurs. 


Thus, methane does not absorb IR energy for symmetric streching of the four C —H bonds; 
asymmetric stretching, on the other hand, does lead to an IR absorption. Symmetrical vibra- 
tions of the carbon-carbon double and triple bonds of ethene and ethyne do not result in 
the absorption of IR radiation, either. 

Vibrational absorption may occur outside the region measured by a particular IR spec- 
trometer, and vibrational absorptions may occur so closely together that peaks fall on top 
of peaks. 
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СЭ Characteristic Infrared Absorptions of Groups 


Frequency 
Group Range (cm 1) Intensity? 
A. Alkyl 
C—H (stretching) 2853-2962 (m-s) 
Isopropyl, —CH(CHs3)2 1380-1385 (s) 
and 1365-1370 (s) 
tert-Butyl, —C(CHs3)3 1385-1395 (m) 
and ~1365 (s) 
B. Alkenyl 
C—H (stretching) 3010-3095 (m) 
C=C (stretching) 1620-1680 (v) 
R—CH-CHs5 985-1000 (s) 
(out-of-plane and 905-920 (s) 
В„С=<Н C—H bendings) 880-900 (s) 
cis-RCH — CHR 675-730 (s) 
trans-RCH—CHR 960-975 (s) 
C. Alkynyl 
—C—H (stretching) ~3300 (s) 
C=C (stretching) 2100-2260 (v) 
D. Aromatic 
Ar—H (stretching) ~3030 (v) 
C=C (stretching) 1450-1600 (m) 
Aromatic substitution type 
(C—H out-of-plane bendings) 
Monosubstituted 690-710 (very s) 
and 730-770 (very s) 
o-Disubstituted 735-770 (s) 
m-Disubstituted 680-725 (s) 
and 750-810 (very s) 
p-Disubstituted 800-860 (very s) 
E. Alcohols, Phenols, and Carboxylic Acids 
OH (stretching) 
Alcohols, phenols (dilute solutions) 3590-3650 (sharp, v) 
Alcohols, phenols (hydrogen bonded) 3200-3550 (broad, s) 
Carboxylic acids (hydrogen bonded) 2500-3000 (broad, v) 
F. Ethers and Alcohols 
C—O—C (stretching) 1020-1275 (s) 
G. Aldehydes, Ketones, Ethers, Carboxylic Acids, and Amides 
C=O (stretching) 1630-1780 (s) 
Aldehydes 1690-1740 (s) 
Ketones 1680-1750 (s) 
Esters 1735-1750 (s) 
Carboxylic acids 1710-1780 (s) 
Amides 1630-1690 (s) 
H. Amines 
N—H 3300-3500 (m) 
|. Nitriles 
C=N 2220-2260 (m) 
*Abbreviations: s = strong, m = medium, w = weak, у = variable, ~ = approximately. 


Other factors bring about even more absorption peaks. Overtones (harmonics) of fun- 
damental absorption bands may be seen in IR spectra even though these overtones occur 
with greatly reduced intensity. Bands called combination bands and difference bands also 
appear in IR spectra. 


2.16 Interpreting IR Spectra 


Because IR spectra of even relatively simple compounds contain so many peaks, the pos- 
sibility that two different compounds will have the same IR spectrum is exceedingly small. 
It is because of this that an IR spectrum has been called the "fingerprint" of a molecule. 
Thus, with organic compounds, if two pure samples give different IR spectra, one can be 
certain that they are different compounds. If they give the same IR spectrum, then they are 
very likely to be the same compound. 


“en . 


2.16 Interpreting IR Spectra 


IR spectra contain a wealth of information about the structures of compounds. We show some 
of the information that can be gathered from the spectra of octane and methylbenzene (com- 
monly called toluene) in Figs. 2.11 and 2.12. In this section we shall learn how to recognize 
the presence of characteristic IR absorption peaks that result from vibrations of alkyl and func- 
tional groups. The data given in Table 2.7 will provide us with key information to use when 
correlating actual spectra with IR absorption frequencies that are typical for various groups. 
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2.16A Infrared Spectra of Hydrocarbons 


@ All hydrocarbons give absorption peaks in the 2800-3300-cm ! region that are 
associated with carbon-hydrogen stretching vibrations. 
We can use these peaks in interpreting IR spectra because the exact location of the peak 
depends on the strength (and stiffness) of the C—H bond, which in turn depends on 


Figure 2.11 The IR spectrum 

of octane. (Notice that, in IR 
spectra, the peaks are usually 
measured in % transmittance. 
Thus, the peak at 2900 ст“! has 
10% transmittance, that is, an 
absorbance, A, of 0.90.) 


Figure 2.12 The IR spectrum of 
methylbenzene (toluene). 


88 Chapter 2 Families of Carbon Compounds 


the hybridization state of the carbon that bears the hydrogen. The C—H bonds involving 
sp-hybridized carbon are strongest and those involving sp^-hybridized carbon are weakest. 
The order of bond strength is 

sp > sp? > sp? 
This, too, is the order of the bond stiffness. 


€ The carbon-hydrogen stretching peaks of hydrogen atoms attached to sp- 
hybridized carbon atoms occur at highest frequencies, about 3300 ст“ !. 


The carbon-hydrogen bond of a terminal alkyne (==C—H) gives an absorption in the 
3300-cm ^! region. We can see the absorption of the acetylenic (alkynyl) C—H bond of 
1-ћергупе at 3320 cm | in Fig. 2.13. 


Ра 


Transmittance (%) 


=CH 
20 - (stretch) 


| СН», СНз (stretch) 


Figure 2.13 Tha IR spectrum of 4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 
1-heptyne. Wavenumber (cm) 


@ The carbon-hydrogen stretching peaks of hydrogen atoms attached to sp^- 
hybridized carbon atoms occur in the 3000-3100-cm ^! region. 


Thus, alkenyl C—H bonds and the C—H groups of aromatic rings give absorption peaks 
in this region. We can see the alkenyl C—H absorption peak at 3080 cm in the spectrum 
of 1-octene (Fig. 2.14), and we can see ће C—H absorption of the aromatic hydrogen atoms 
at 3090 стт! in the spectrum of methylbenzene (Fig. 2.12). 


€ The carbon-hydrogen stretching bands of hydrogen atoms attached to sp^-hybridized 
carbon atoms occur at lowest frequencies, in the 2800-3000-cm™! region. 


We can see methyl and methylene absorption peaks in the spectra of octane (Fig. 2.11), 
methylbenzene (Fig. 2.12), 1-heptyne (Fig. 2.13), and 1-octene (Fig. 2.14). 
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Figure 2.14 The IR spectrum of 4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 


1-octene. Wavenumber (cm) 
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Hydrocarbons also give absorption peaks in their IR spectra that result from carbon-car- 
bon bond stretchings. Carbon-carbon single bonds normally give rise to very weak peaks 
that are usually of little use in assigning structures. More useful peaks arise from 
carbon-carbon multiple bonds, however. 


€ Carbon-carbon double bonds give absorption peaks in the 1620-1680-cm ! 
region, and carbon-carbon triple bonds give absorption peaks between 2100 and 
2260 cm !. 


These absorptions аге not usually strong ones, and they are absent if the double or triple 
bond is symmetrically substituted. (No dipole moment change will be associated with the 
vibration.) The stretchings of the carbon-carbon bonds of benzene rings usually give a set 
of characteristic sharp peaks in the 1450-1600-cm ! region. 


€ Absorptions arising from carbon-hydrogen bending vibrations of alkenes 
occur in the 600–1000-ста ^! region. With the aid of a spectroscopy handbook, 
the exact location of these peaks can often be used as evidence for the substitu- 
tion pattern of the double bond and its configuration. 


2.16B IR Spectra of Some Functional Groups Containing Helpful Hint 
Heteroatoms у 


IR spectroscopy is an exceedingly 
Infrared spectroscopy gives us an invaluable method for recognizing quickly and simply e ae МЕ detecting 
A Ms n unctional groups. 
the presence of certain functional groups in a molecule. iid 


Carbonyl Functional Groups Опе important functional group that gives a prominent 


N 
absorption peak in IR spectra is the carbonyl group, P anu This group is present in 


aldehydes, ketones, esters, carboxylic acids, amides, and others. 


@ The carbon-oxygen double-bond stretching frequency of carbonyl groups gives a 
strong peak between 1630 and 1780 em !, 
The exact location of the absorption depends on whether it arises from an aldehyde, ketone, 
ester, and so forth. 


O O O О О 

| | | | 1 
R^ ^H R^ ^R R^ “OR А“ “он R^ “мн, 
Aldehyde Ketone Ester Carboxylic acid Amide 


1690-1740 ст“ 1680-1750 cm^ 1735-1750 ст“ 1710-1780 cm~ 1630-1690 cm" 


Solved Problem 2.7 


A compound with the molecular formula C4H4O» has a strong sharp absorbance near 3300 ст“, absorbances in the 
2800-3000-cm™! region, and a sharp absorbance peak near 2200 cm  !. It also has а strong broad absorbance in the 
2500-3600-cm  ! region and a strong peak in the 1710—1780-cm ! region. Propose a possible structure for the compound. 


STRATEGY AND ANSWER The sharp peak near 3300 ст”! is likely to arise from the stretching of a hydrogen 
attached to the sp-hybridized carbon of a triple bond. The sharp peak near 2200 ст“ !, where the triple bond of an 
alkyne stretches, is consistent with this. The peaks in the 2800-3000-cm™! region suggest stretchings of the C—H 
bonds of alkyl groups, either CH» or СНз groups. The strong, broad absorbance in the 2500-3600-cm! region sug- 
gests a hydroxyl group arising from a carboxylic acid. The strong peak around —— OH 
1710-1780 cm! is consistent with this since it could arise from the carbonyl group ||| 

of a carboxylic acid. Putting all this together with the molecular formula suggests the О 
compound is as shown at the right. 
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Use arguments based on resonance and electronegativity effects to explain the trend in car- 
bonyl IR stretching frequencies from higher frequency for esters and carboxylic acids to 
lower frequencies for amides. (Hint: Use the range of carbonyl stretching frequencies for 
aldehydes and ketones as the “base” frequency range of an unsubstituted carbonyl group 
and consider the influence of electronegative atoms on the carbonyl group and/or atoms 
that alter the resonance hybrid of the carbonyl.) What does this suggest about the way the 
nitrogen atom influences the distribution of electrons in an amide carbonyl group? 


Alcohols and Phenols The hydroxyl groups of alcohols and phenols are also easy to 
recognize in IR spectra by their O—H stretching absorptions. These bonds also give us 
direct evidence for hydrogen bonding (Section 2.13B). 


@ The IR absorption of an alcohol or phenol O—H group is in the 3200-3550-cm ! 
range, and most often it is broad. 


The typical broadness of the peak is due to association of the molecules through hydrogen 
bonding (Section 2.13B), which causes a wider distribution of stretching frequencies for 
the O—H bond. If an alcohol or phenol is present as a very dilute solution in a solvent that 
cannot contribute to hydrogen bonding (e.g., CCl4), O—H absorption occurs as a very sharp 
peak in the 3590-3650-cm ! region. In very dilute solution in such a solvent or in the gas 
phase, formation of intermolecular hydrogen bonds does not take place because molecules 
of the analyte are too widely separated. A sharp peak in the 3590-3650-cm ! region, there- 
fore, is attributed to "free" (unassociated) hydroxyl groups. Increasing the concentration 
of the alcohol or phenol causes the sharp peak to be replaced by a broad band in the 
3200-3550-cm ! region. Hydroxyl absorptions in IR spectra of cyclohexylcarbinol (cyclo- 
hexylmethanol) run in dilute and concentrated solutions (Fig. 2.15) exemplify these effects. 
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Figure 2.15 (a) The IR spectrum of an alcohol "Free" | 
(cyclohexylcarbinol) in a dilute solution shows the sharp 
absorption of a "free" (non-hydrogen-bonded) hydroxyl 0.6 A B 
group at 3600 ст. (b) The IR spectrum of the same 0.8 Intermolecularly _| 
alcohol as a concentrated solution shows a broad hydroxyl 10 hydrogen bonded} 
group absorption at 3300 ст! due to hydrogen bonding. : 
(Reprinted with permission of John Wiley & Sons, Inc., from 1.5 
Silverstein, R., and Webster, F. X., Spectrometric 2.5 3 2.5 3 
Identification of Organic Compounds, Sixth Edition, p. 89. (um) 


Copyright 1998.) 


Carboxylic Acids The carboxylic acid group can also be detected by IR spectroscopy. 
If both carbonyl and hydroxyl stretching absorptions are present in an IR spectrum, there 
is good evidence for a carboxylic acid functional group (although it is possible that iso- 
lated carbonyl and hydroxyl groups could be present in the molecule). 


€ The hydroxyl absorption of a carboxylic acid is often very broad, extending from 
3600 ст! to 2500 ст '. 


Figure 2.16 shows the IR spectrum of propanoic acid. 
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Figure 2.16 The IR spectrum of propanoic acid. 


Amines IR spectroscopy also gives evidence for N—H bonds (see Figure 2.17). 


Transmittance (96) 


@ Primary (1°) and secondary (2?) amines give absorptions of moderate strength in 
the 3300-3500-cm! region. 


@ Primary amines exhibit two peaks in this region due to symmetric and asymmetric 
stretching of the two N—H bonds. 


@ Secondary amines exhibit a single peak. 
@ Tertiary amines show no N—H absorption because they have no such bond. 


@ A basic pH is evidence for any class of amines. 


100 
90 4 
LI 
80 + i ; aromatic 
Lı aliphatic Combination 
70 4 aromatic C—H band 
C—H (stretch) 
60 4 (stretch) NH 
50, | L 
primary N—H C—N 
404 (asym. and sym. stretch) (stretch) 
и СНз 
20 4 C—H 
104 C==C (ring stretch), (out-of-plane | | 
N—H (bend) | L————24 bend) 


4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 


Wavenumber (стг) 


650 


Figure 20.17 Annotated IR spectrum of 4-methylaniline. 
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Hydrogen bonding causes N—H stretching peaks of 1° and 2? amines to broaden. The 


NH groups of amides give similar absorption peaks and include a carbonyl absorption as well. 
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2.17 Applications of Basic Principles 


We now review how certain basic principles apply to phenomena that we have studied in 
this chaper. 


Polar Bonds Are Caused by Electronegativity Differences We saw in Section 2.2 
that when atoms with different electronegativities are covalently bonded, the more elec- 
tronegative atom will be negatively charged and the less electronegative atom will be pos- 
itively charged. The bond will be a polar bond and it will have a dipole moment. 

Dipole moments are important in explaining physical properties of molecules (as we shall 
review below), and in explaining infrared spectra. For a vibration to occur with the absorption of 
IR energy, the dipole moment of the molecule must change during the course of the vibration. 


Opposite Charges Attract This principle underlies a map of electrostatic potential 
(MEP) (Section 2.2A). MEPs are generated on the basis of quantum mechanical calculations 
that involve moving an imaginary positive charge over the electron density surface of a mol- 
ecule. If there is a strong attraction between the positive charge and the electron density sur- 
face, that region is colored red because it is most negative. Regions that are less negative are 
shaded green to yellow. Regions that are the least negative (or most positive) are colored blue. 

This same principle is central to understanding physical properties of organic compounds 
(Section 2.13). All of the forces that operate between individual molecules (and thereby 
affect boiling points, melting points, and solubilities) are between oppositely charged 
molecules (ions) or between oppositely charged portions of molecules. Examples are 
ion-ion forces (Section 2.13A) that exist between oppositely charged ions in crystals of 
ionic compounds, dipole-dipole forces (Section 2.13B) that exist between oppositely 
charged portions of polar molecules and that include the very strong dipole-dipole forces 
that we call hydrogen bonds, and the weak dispersion or London forces that exist between 
portions of molecules that bear small temporary opposite charges. 


Molecular Structure Determines Properties We learned in Section 2.13 how phys- 
ical properties are related to molecular structure. 


In This Chapter 


In Chapter 2 you learned about families of organic molecules, some of their physical proper- 
ties, and how we can use an instrumental technique called infrared spectroscopy to study them. 

You learned that functional groups define the families to which organic compounds 
belong. At this point you should be able to name functional groups when you see them in 
structural formulas, and, when given the name of a functional group, draw a general exam- 
ple of its structure. 

You also built on your knowledge of how electronegativity influences charge distribu- 
tion in a molecule and how, together with three-dimensional structure, charge distribution 
influences the overall polarity of a molecule. Based on polarity and three-dimensional struc- 
ture, you should be able to predict the kind and relative strength of electrostatic forces 
between molecules. With this understanding you will be able to roughly estimate physical 
properties such as melting point, boiling point, and solubility. 

Lastly, you learned to use IR spectroscopy as an indicator of the family to which an 
organic compound belongs. IR spectroscopy provides signatures (in the form of spectra) 
that suggest which functional groups are present in a molecule. 

If you know the concepts in Chapters 1 and 2 well, you will be on your way to having 
the solid foundation you need for success in organic chemistry. Keep up the good work 
(including your diligent homework habits)! 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 
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Problems 


WILEY Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


FUNCTIONAL GROUPS AND STRUCTURAL FORMULAS 


2.29 Classify each of the following compounds as an alkane, alkene, alkyne, alcohol, aldehyde, amine, and so forth. 


О OH O 
@ À фусњ—с=сн (9 él or КИ 
H 
OH 
LAN ee ii PAs 
УДА 12 
Obtained from oil of cloves Sex attractant of the common housefly 


2.30 Identify all of the functional groups in each of the following compounds: 


O 
(a) Vitamin D, (b н о р^ | OMe Aspartame 
N 
| H 
O NH2 O 


HO “ 


МН» 
(с) T X Amphetamine (d) 
e 


M 
Cholesterol 
HO 
O 
(e) C—OCH,CH, (f > H (9 O О 
Demerol A cockroach repellent found — 
in cucumbers 

N A synthetic cockroach repellent 
| 

CH, 


2.31 There are four alkyl bromides with the formula C4HgBr. Write their structural formulas and classify each as to 
whether it is a primary, secondary, or tertiary alkyl bromide. 


2.32 There are seven isomeric compounds with the formula C4H49O. Write their structures and classify each compound 
according to its functional group. 


2.33 Classify the following alcohols as primary, secondary, or tertiary: 


OH OH 
(a) OH — (b © P (d) (e) OH 
H 


О 
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2.34 


2.35 


2.36 


2.37 


2.38 
2.39 


2.40 


2.41 


2.42 
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Classify the following amines as primary, secondary, or tertiary: 


~an O 
a 

NH N 

@ О idi di · о О (9) | 
on 
HN 

(e) g (f) < N—N 
Write structural formulas for each of the following: (h) A tertiary alkyl halide with the formula C5H,4Br. 
(a) Three ethers with the formula C4H49O. (i) Three aldehydes with the formula C5H49O. 
(b) Three primary alcohols with the formula C4HgO. (j) Three ketones with the formula C5H49O. 
(c) A secondary alcohol with the formula C3HgO. (k) Two primary amines with the formula СзНоМ. 
(d) A tertiary alcohol with the formula C4HgO. (D A secondary amine with the formula C3HgN. 
(e) Two esters with the formula C3HgO». (m) A tertiary amine with the formula C3H9N. 


(f) Four primary alkyl halides with the formula C5H,,Br. (n) Two amides with the formula CoH5NO. 
(g) Three secondary alkyl halides with the formula 
Cs5H, 1 Br. 


PHYSICAL PROPERTIES 


(a) Indicate the hydrophobic and hydrophilic parts of vitamin A and comment on whether you would expect it to 
be soluble in water. (b) Do the same for vitamin B; (also called niacin). 


О 
Ра. а. РА SR OH cre 
NÁ 


Vitamin A Vitamin B; or niacin 


Hydrogen fluoride has a dipole moment of 1.83 D; its boiling point is 19.34°C. Ethyl fluoride (СНАСЊЕ) has an 
almost identical dipole moment and has a larger molecular weight, yet its boiling point is —37.7°C. Explain. 
Why does one expect the cis isomer of an alkene to have a higher boiling point than the trans isomer? 
Cetylethyldimethylammonium bromide is the common name for 
Br 

ај "вата RET та а а US а compound with antiseptic properties. Predict 

/\ 
its solubility behavior in water and in diethyl ether. 
Which of the following solvents should be capable of dissolving ionic compounds? 
(a) Liquid 502 (b) Liquid NH3 (c) Benzene (d) CCl4 
Write a three-dimensional formula for each of the following molecules using the wedge-dashed wedge-line for- 
malism. If the molecule has a net dipole moment, indicate its direction with an arrow, +——. If the molecule has 
no net dipole moment, you should so state. (You may ignore the small polarity of C—H bonds in working this and 
similar problems.) 
(a) CH3F (c) СНЕз (e) CH2FCI (g) BeFo (i) CH3OH 
(b) CH2F2 (d) СЕ, (f) BCls (h) CH30CH3 ()) СНО 
Consider each of the following molecules in turn: (a) dimethyl ether, (CH3)2O; (b) trimethylamine, (CH3)3N; (c) 
trimethylboron, (CH3)3B; and (d) dimethylberyllium, (CH3)2Be. Describe the hybridization state of the central atom 
(1.е., О, N, B, or Be) of each molecule, tell what bond angles you would expect at the central atom, and state whether 
the molecule would have a dipole moment. 
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Problems PA aie 95 


Alkenes can interact with metal ions such as Ag*. What is the nature of this interaction? 


Analyze the statement: For a molecule to be polar, the presence of polar bonds is necessary, but it is not a suffi- 
cient requirement. 


Identify all of the functional groups in Crixivan, an important drug in the treatment of AIDS. 


Hi so 
C(CH.,), 
Crixivan (an HIV protease inhibitor) 


Which compound in each of the following pairs would have the higher boiling point? Explain your answers. 
F F F 
(а) Сон o 9. (f) > ог > 
Е 


(b) “У “оң ог НЭн (g) TW op or чари 
O 


(h) Hexane, CH3(CH2)4CH3, or nonane, CH3(CH2)7CH3 


O 
(e) | ог моњ (i) pu or pu 


IR SPECTROSCOPY 


Predict the key IR absorption bands whose presence would allow each compound in pairs (a), (c), (d), (e), (g), and 
(i) from Problem 2.46 to be distinguished from each other. 


The infrared spectrum of 1-hexyne exhibits a sharp absorption peak near 2100 cm! due to C=C stretching. 
However, 3-hexyne shows no absorption in that region. Explain. 


The IR spectrum of propanoic acid (Fig. 2.17) indicates that the absorption for the O—H stretch of the carboxylic 
acid functional group is due to a hydrogen-bonded form. Draw the structure of two propanoic acid molecules show- 
ing how they could dimerize via hydrogen bonding. 


In infrared spectra, the carbonyl group is usually indicated by a single strong and sharp absorption. However, in 
the case of carboxylic acid anhydrides, R— C —O— C —R, two peaks are observed even though the two 


carbonyl groups are chemically equivalent. Explain this fact, considering what you know about the IR absorption 
of primary amines. 


MULTICONCEPT PROBLEMS 


Write structural formulas for four compounds with the formula C3HgO and classify each according to its functional 
group. Predict IR absorption frequencies for the functional groups you have drawn. 


There are four amides with the formula C3H7NO. (a) Write their structures. (b) One of these amides has a melt- 
ing and a boiling point that are substantially lower than those of the other three. Which amide is this? Explain your 
answer. (c) Explain how these amides could be differentiated on the basis of their IR spectra. 
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Chapter 2 Families of Carbon Compounds 


Write structures for all compounds with molecular formula C4HgO that would not be expected to exhibit infrared 
absorption in the 3200-3550-cm “ ! and 1620–1780-ст“ ! regions. 


Cyclic compounds of the general type shown here are called lactones. What functional group does a lactone contain? 


(о 


Challenge Problems 


| \ 2.55 
А 
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Two constitutional isomers having molecular formula C4HgO are both symmetrical in structure. In their infrared 
spectra, neither isomer when in dilute solution in CCl, (used because it is nonpolar) has absorption in the 3600- 
ст“ ! region. Isomer A has absorption bands at approximately 3080, 1620, and 700 ст“ !. Isomer B has bands in 
the 2900-cm ^! region and at 1780 em I. Propose a structure for A and two possible structures for B. 


When two substituents are on the same side of a ring skeleton, they are said to be cis, and when on opposite sides, 
trans (analogous to use of those terms with 1,2-disubstituted alkene isomers). Consider stereoisomeric forms of 
1,2-cyclopentanediol (compounds having a five-membered ring and hydroxyl groups on two adjacent carbons that 
are cis in one isomer and trans in the other). At high dilution in CCl4, both isomers have an infrared absorption 
band at approximately 3626 cm ^! but only one isomer has a band at 3572 cm™!. (a) Assume for now that the 
cyclopentane ring is coplanar (the interesting actuality will be studied later) and then draw and label the two iso- 
mers using the wedge-dashed wedge method of depicting the OH groups. (b) Designate which isomer will have 
the 3572-cm ! band and explain its origin. 


Compound C is asymmetric, has molecular formula C5H; 90, and contains two methyl groups and a 3? func- 
tional group. It has a broad infrared absorption band in the 3200-3550-cm ^! region and no absorption in the 
1620-1680-cm “ ! region. (a) Propose a structure for C. 


Examine the diagram showing an a-helical protein structure in section 2.13E. Between what specific atoms and of 
what functional groups are the hydrogen bonds formed that give the molecule its helical structure? 


Learning Group Problems 


Consider the molecular formula C4HgOs. 


Write structures for at least 15 different compounds that all have the molecular formula C4HgO» and contain 
functional groups presented in this chapter. 


Provide at least one example each of a structure written using the dash format, the condensed format, the bond- 
line format, and the full three-dimensional format. Use your choice of format for the remaining structures. 


Identify four different functional groups from among your structures. Circle and name them on the representative 
structures. 


Predict approximate frequencies for IR absorptions that could be used to distinguish the four compounds repre- 
senting these functional groups. 


If any of the 15 structures you drew have atoms where the formal charge is other than zero, indicate the formal 
charge on the appropriate atom(s) and the overall charge for the molecule. 


Identify which types of intermolecular forces would be possible in pure samples of all 15 compounds. 


Pick five formulas you have drawn that represent a diversity of structures, and predict their order with respect to 
trend in increasing boiling point. 


Explain your order of predicted boiling points on the basis of intermolecular forces and polarity. 
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ШӨ An Introduction to Organic 
Reactions and Their 

Mechanisms  ; —* 
Acids and Bases | Dx Xx 


To the uninitiated, a chemical reaction must seem like an act of magic. A chemist puts one or two reagents into a 
flask, waits for a time, and then takes from the flask one or more completely different compounds. It is, until we 
understand the details of the reaction, like a magician who puts apples and oranges in a hat, shakes it, and then 
pulls out rabbits and parakeets. We see a real-life example of this sort of "magic" in the photo above, where a stu- 
dent is shown pulling a strand of solid nylon from a flask that contains two immiscible solutions. This synthesis of 
nylon is not magic but it is indeed wonderful and amazing, and reactions like it have transformed our world. 

One of our goals in this course will be, in fact, to try to understand how this chemical magic takes place. We 
will want to be able to explain how the products of the reaction are formed. This explanation will take the form 
of a reaction mechanism—a description of the events that take place on a molecular level as reactants become 
products. If, as is often the case, the reaction takes place in more than one step, we will want to know what chem- 
ical species, called intermediates, intervene between each step along the way. 

By postulating a mechanism, we may take some of the magic out of the reaction, but we will put rationality 
in its place. Any mechanism we propose must be consistent with what we know about the reaction and with what 
we know about the reactivity of organic compounds generally. In later chapters we shall see how we can glean 
evidence for or against a given mechanism from studies of reaction rates, from isolating intermediates, and 
from spectroscopy. We cannot actually see the molecular events because molecules are too small, but from solid 


98 


3.1 Reactions and Their Mechanisms 


evidence and from good chemical intuition, we can propose reasonable mecha- 
nisms. If at some later time a valid experiment gives results that contradict our pro- 
posed mechanism, then we change it, because in the final analysis our mechanism 
must be consistent with all our experimental observations. 

One of the most important things about approaching organic chemistry mech- 
anistically is this: It helps us organize what otherwise might be an overwhelmingly 
complex body of knowledge into a form that makes it understandable. There are 
millions of organic compounds now known, and there are millions of reactions that 
these compounds undergo. If we had to learn them all by rote memorization, then 
we would soon give up. But, we don't have to do this. In the same way that func- 
tional groups help us organize compounds in a comprehensible way, mechanisms 
help us organize reactions. Fortunately, too, there is a relatively small number of basic 
mechanisms. 


3.4 Reactions and Their Mechanisms 


Virtually all organic reactions fall into one of four categories: substitutions, additions, 
eliminations, or rearrangements. 

Substitutions are the characteristic reactions of saturated compounds such as alkanes 
and alkyl halides and of aromatic compounds (even though they are unsaturated). In a sub- 
stitution, one group replaces another. For example, chloromethane reacts with sodium 
hydroxide to produce methyl alcohol and sodium chloride: 


НСС + Ма*он- M9 H,c—oH + NatCl- 
A substitution reaction 


In this reaction a hydroxide ion from sodium hydroxide replaces the chlorine of methyl 
chloride. We shall study this reaction in detail in Chapter 6. 

Additions are characteristic of compounds with multiple bonds. Ethene, for example, 
reacts with bromine by an addition. In an addition all parts of the adding reagent appear 
in the product; two molecules become one: 


DL T 
C=C + BrBr <= Bec 
H H Br Br 


An addition reaction 


Eliminations are the opposite of additions. /n an elimination one molecule loses the 
elements of another small molecule. Elimination reactions give us a method for preparing 
compounds with double and triple bonds. In Chapter 7, for example, we shall study an 
important elimination called dehydrohalogenation, a reaction that is used to prepare alkenes. 
In dehydrohalogenation, as the word suggests, the elements of a hydrogen halide are 
eliminated. An alkyl halide becomes an alkene: 


| | H H 
N 
lsp-p-n 29 с=с 
| | (–НВг) / 
H Br H H 


An elimination reaction 
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Helpful Hint 


Notice in these illustrations that 
we have used curved arrows to 
show the movement of electrons. 
We will have more to say about 
this convention in Section 3.5, but 
for the moment notice that we use 
a double-barbed curved arrow to 
show the movement of a pair of 
electrons and a single-barbed 
curved arrow to show the 
movement of a single electron. 


Chapter 3 An Introduction to Organic Reactions and Their Mechanisms 


In a rearrangement a molecule undergoes a reorganization of its constituent parts. For 
example, heating the following alkene with a strong acid causes the formation of another 
isomeric alkene: 


E 7 Hes Fh 
C=C acid cat. с=< 
HC. / N / N 
JP. "m H.C CH, 
uc C 


A rearrangement 


In this rearrangement not only have the positions of the double bond and a hydrogen atom 
changed, but a methyl group has moved from one carbon to another. 

In the following sections we shall begin to learn some of the principles that explain how 
these kinds of reactions take place. 


3.1A Homolysis and Heterolysis of Covalent Bonds 


Reactions of organic compounds always involve the making and breaking of covalent bonds. 
A covalent bond may break in two fundamentally different ways. 


€ When a bond breaks such that one fragment takes away both electrons of the bond, 
leaving the other fragment with an empty orbital, this kind of cleavage is called 
heterolysis (Greek: hetero, different, + lysis, loosening or cleavage). Heterolysis 
produces charged fragments or ions and is termed an ionic reaction. The broken 
bond is said to have cleaved heterolytically: 


A: B > А“ + :B- Heterolytic bond cleavage 
—— 
lons 


€ When a bond breaks so that each fragment takes away one of the electrons of the 
bond, this process is called homolysis (Greek: homo, the same, + lysis). 
Homolysis produces fragments with unpaired electrons called radicals. 


ЕН 
А:В— А. + -B Homolytic bond cleavage 
NA ——— 
Radicals 


We shall postpone further discussions of reactions involving radicals and homolytic bond 
cleavage until we reach Chapter 10. At this point we focus our attention on reactions involv- 
ing ions and heterolytic bond cleavage. 

Heterolysis of a bond normally requires that the bond be polarized: 


9*A: Be А+ + :В- 


Polarization of a bond usually results from differing electronegativities (Section 2.2) of ће 
atoms joined by the bond. The greater the difference in electronegativity, the greater is the 
polarization. In the instance just given, atom B is more electronegative than A. 

Even with a highly polarized bond, heterolysis rarely occurs without assistance. The 
reason: Heterolysis requires separation of oppositely charged ions. Because oppositely 
charged ions attract each other, their separation requires considerable energy. Often, 
heterolysis is assisted by a molecule with an unshared pair that can form a bond to one of 
the atoms: 


а + 
у "АСв-—— Y—A + :В- 


Formation of the new bond furnishes some of the energy required for the heterolysis. 


3.2 Acid-Base Reactions 
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3.2 Acid-Base Reactions 


We begin our study of chemical reactions by examining some of the basic principles of 
acid—base chemistry. There are several reasons for doing this: 


@ Many of the reactions that occur in organic chemistry are either acid—base reac- 
tions themselves or they involve an acid-base reaction at some stage. 


€ Acid-base reactions are simple fundamental reactions that will enable you to see how 
chemists use curved arrows to represent mechanisms of reactions and how they depict 
the processes of bond breaking and bond making that occur as molecules react. 


Acid-base reactions also allow us to examine important ideas about the relationship between 
the structures of molecules and their reactivity and to see how certain thermodynamic para- 
meters can be used to predict how much of the product will be formed when a reaction 
reaches equilibrium. Acid—base reactions also provide an illustration of the important role 
solvents play in chemical reactions. They even give us a brief introduction to organic syn- 
thesis. Finally, acid-base chemistry is something that you will find familiar because of your 
studies in general chemistry. We begin, therefore, with a brief review. 


3.2A Brensted-Lowry Acids and Bases 


Two classes of acid-base reactions are fundamental in organic chemistry: Brénsted—Lowry and 
Lewis acid-base reactions. We start our discussion with Brg@nsted—Lowry acid-base reactions. 


ө Brgnsted—Lowry acid-base reactions involve the transfer of protons. 
Ф A Brgnsted—Lowry acid is a substance that can donate (or lose) a proton. 
€ A Brgnsted—Lowry base is a substance that can accept (or remove) a proton. 


Let us consider some examples. 
Hydrogen chloride (HCI), in its pure form, is a gas. When HCl gas is bubbled into water, 
the following reaction occurs. 


H-Ó + Нб: — H б H + :Ch- 
H H 
Base Acid Conjugate Conjugate 
(proton (proton acid base 
acceptor) donor) of H,O of HCI 


In this reaction hydrogen chloride donates a proton; therefore it acts as a Brénsted-Lowry 
acid. Water accepts a proton from hydrogen chloride; thus water serves as а Brénsted-Lowry 
base. The products are a hydronium ion (НзО?) and chloride ion (CI ). 

Just as we classified the reactants as either an acid or a base, we also classify the prod- 
ucts in a specific way. 


@ The molecule or ion that forms when an acid loses its proton is called the conju- 
gate base of that acid. In the above example, chloride ion is the conjugate base. 


€ The molecule or ion that forms when a base accepts a proton is called the conju- 
gate acid. Hydronium ion is the conjugate acid of water. 


Hydrogen chloride is considered a strong acid because transfer of its proton in water 
proceeds essentially to completion. Other strong acids that completely transfer a proton 
when dissolved in water are hydrogen iodide, hydrogen bromide, and sulfuric acid. 


Hl + HO — HO* + F 
HBr + ЊО —> ЊО“ + Br 
HSO, + HO —> ЊО" + HSO, 
HSO; + HO => H,O* + SO, 


The color of hydrangea flowers 
depends in part on the relative 
acidity of their soil. 


Helpful Hint 


The extent to which an acid 
transfers protons to a base, such 
as water, is a measure of its 
strength as an acid. Acid strength 
is therefore a measure of the 
percentage of ionization and not of 
concentration. 
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Sulfuric acid is called a diprotic acid because it can transfer two protons. Transfer of the 
first proton occurs completely, while the second is transferred only to the extent of about 
1096 (hence the equilibrium arrows in the equation for the second proton transfer). 


3.2B Acids and Bases in Water 


€ Hydronium ion is the strongest acid that can exist in water to any significant 
extent: Any stronger acid will simply transfer its proton to a water molecule to 
form hydronium ions. 


€ Hydroxide ion is the strongest base that can exist in water to any significant extent: 
Any base stronger than hydroxide will remove a proton from water to form 
hydroxide ions. 


When an ionic compound dissolves in water the ions are solvated. With sodium hydrox- 
ide, for example, the positive sodium ions are stabilized by interaction with unshared elec- 
tron pairs of water molecules, and the hydroxide ions are stabilized by hydrogen bonding 
of their unshared electron pairs with the partially positive hydrogens of water molecules. 


| 
,, ЊО: is H H—O: 
HO: i a 20H, | i E: . 
„Ма“. :O—H----:O—H--:O—H 
Н,О: і :ОН, | Н 
| | 
H—O: 
Solvated sodium ion Solvated hydroxide ion 


When an aqueous solution of sodium hydroxide is mixed with an aqueous solution of 
hydrogen chloride (hydrochloric acid), the reaction that occurs is between hydronium and 
hydroxide ions. The sodium and chloride ions are called spectator ions because they play 
no part in the acid—base reaction: 


Total lonic Reaction 


H—QO--H + :©і:- + Nat -:0—Н — 2H—O: + Nat + :Cl:7 
— ,— 


s— 
| — d 
Spectator ions 


Net Reaction 
pou + OuÓ—H — ou 
H H 


What we have just said about hydrochloric acid and aqueous sodium hydroxide is true when 
solutions of all aqueous strong acids and bases are mixed. The net ionic reaction is simply 


НО + OH- — 2H,0 


3.3 Lewis Acids and Bases 


In 1923 G. N. Lewis proposed a theory that significantly broadened the understanding of 
acids and bases. As we go along we shall find that an understanding of Lewis acid—base 
theory is exceedingly helpful to understanding a variety of organic reactions. Lewis pro- 
posed the following definitions for acids and bases. 


9 Acids are electron pair acceptors. 


@ Bases are electron pair donors. 
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In Lewis acid-base theory, proton donors are not the only acids; many other species are 
acids as well. Aluminum chloride, for example, reacts with ammonia in the same way that 
a proton donor does. Using curved arrows to show the donation of the electron pair of 
ammonia (the Lewis base), we have the following examples: 


s CN + : 
сен“ + :NH, —> сг + H—NH, Helpful Hint 
Lewis acid Lewis base Verify for yourself that you can 

(electron pair (electron pair calculate the formal charges in 
acceptor) donor) these structures. 
MN T 
T" 
TUN + :МН, —> CI—AI—NH, 
$-CI с! 
Lewis acid Lewis base 
(electron pair (electron pair 
acceptor) donor) 


In the reaction with hydrogen chloride above, notice that the electron pair acceptor (the 
proton) must also lose an electron pair as the new bond is formed with nitrogen. This is 
necessary because the hydrogen atom had a full valence shell of electrons at the start. On 
the other hand, because the valence shell of the aluminum atom in aluminum chloride was 
not full at the beginning (it had only a sextet of valence electrons), it can accept an elec- 
tron pair without breaking any bonds. The aluminum atom actually achieves an octet by 
accepting the pair from nitrogen, although it gains a formal negative charge. When it accepts 
the electron pair, aluminum chloride is, in the Lewis definition, acting as an acid. 

Bases are much the same in the Lewis theory and in the Brg@nsted—Lowry theory, because in 
the Brénsted—Lowry theory а base must donate a pair of electrons in order to accept a proton. 


@ The Lewis theory, by virtue of its broader definition of acids, allows acid-base theory to 
include all of the Brgnsted—Lowry reactions and, as we shall see, a great many others. 
Most of the reactions we shall study in organic chemistry involve Lewis acid-base 
interactions, and a sound understanding of Lewis acid-base chemistry will help greatly. 


Any electron-deficient atom can act as a Lewis acid. Many compounds containing group 
IIIA elements such as boron and aluminum are Lewis acids because group IIIA atoms have Carbonic anhydrase 
only a sextet of electrons in their outer shell. Many other compounds that have atoms with X. ion acts as a Lewis acid in 
vacant orbitals also act as Lewis acids. Zinc and ігоп(Ш) halides (ferric halides) are fre- һе mechanism of the enzyme 
quently used as Lewis acids in organic reactions. carbonic anhydrase (Chapter 24). 


Solved Problem 3.1 


Write an equation that shows the Lewis acid and Lewis base in the reaction of bromine (Bro) with ferric bromide (FeBrg). 


ANSWER 


in :Вг: 

BG BS D BR 55 .. + = 55 
:Br—Br: + а ев 
Вг— Вг EC. ===> Bima RS Br 

a aA :Br: 

Lewis base Lewis acid и 


3.3A Opposite Charges Attract 


@ In Lewis acid—base theory, as in many organic reactions, the attraction of oppo- 
sitely charged species is fundamental to reactivity. 


As one further example, we consider boron trifluoride, an even more powerful Lewis acid 
than aluminum chloride, and its reaction with ammonia. The calculated structure for boron 
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Figure 3.1 Electrostatic potential maps for BF; 
and NH3 and the product that results from reaction 
between them. Attraction between the strongly 
positive region of ВЕз and the negative region of 
NH3 causes them to react. The electrostatic 
potential map for the product shows that the 
fluorine atoms draw in the electron density of the 
formal negative charge, and the nitrogen atom, with 
its hydrogens, carries the formal positive charge. 


Helpful Hint 


The need for a firm understanding 
of structure, formal charges, and 
electronegativity can hardly be 
emphasized enough as you build 
a foundation of knowledge for 
learning organic chemistry. 


Review Problem 3.1 


Review Problem 3.2 
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6 s 
BF, NH, 


trifluoride in Fig. 3.1 shows electrostatic potential at its van der Waals surface (like that 
in Section 2.2A for HCl). It is obvious from this figure (and you should be able to predict 
this) that BF3 has substantial positive charge centered on the boron atom and negative charge 
located on the three fluorines. (The convention in these structures is that blue represents 
relatively positive areas and red represents relatively negative areas.) On the other hand, 
the surface electrostatic potential for ammonia shows (as you would expect) that substan- 
tial negative charge is localized in the region of ammonia’s nonbonding electron pair. Thus, 
the electrostatic properties of these two molecules are perfectly suited for a Lewis acid—base 
reaction. When the expected reaction occurs between them, the nonbonding electron pair 
of ammonia attacks the boron atom of boron trifluoride, filling boron’s valence shell. The 
boron now carries a formal negative charge and the nitrogen carries a formal positive charge. 
This separation of charge is borne out in the electrostatic potential map for the product 
shown in Fig. 3.1. Notice that substantial negative charge resides in the BF; part of the mol- 
ecule, and substantial positive charge is localized near the nitrogen. 

Although calculated electrostatic potential maps like these illustrate charge distribution and 
molecular shape well, it is important that you are able to draw the same conclusions based 
on what you would have predicted about the structures of BF3 and NH3 and their reaction 
product using orbital hybridization (Sections 1.12—1.14), VSEPR models (Section 1.16), con- 
sideration of formal charges (Section 1.7), and electronegativity (Sections 1.4A and 2.2). 


- + 
F3B d NH3 


Write equations showing the Lewis acid-base reaction that takes place when: 
(a) Methanol (CH3OH) reacts with BF. 

(b) Chloromethane (CH3Cl) reacts with AICls3. 

(c) Dimethyl ether (CH3OCH]3) reacts with BF3. 


Which of the following are potential Lewis acids and which are potential Lewis bases? 


ai 
(a) CHsCHz—N—CHs (b) HsC— C (c) (CgHs)3P: 
CH3 CH3 


(d) :Br:~  (e)(CHg4B — (f)H:- 


3.4 Heterolysis of Bonds to Carbon: Carbocations and Carbanions 


Heterolysis of a bond to a carbon atom can lead to either of two ions: either to an ion with 
a positive charge on the carbon atom, called a carbocation, or to an ion with a negatively 
charged carbon atom, called a carbanion: 


M Yo heterosis, Lug 
| X 
Carbocation 
| | | 
xu heterolysis —Ü + 2 


Carbanion 


3.4 Heterolysis of Bonds to Carbon: Carbocations and Carbanions 
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THE CHEMISTRY OF... 


HOMOs and LUMOs in Reactions 


The calculated lowest unoccupied molecular orbital (LUMO) 
for ВЕз is shown by solid red and blue lobes. Most of the 
volume represented by the LUMO corresponds to the empty 
p orbital in the sp^-hybridized state of BF3 (located per- 
pendicular to the plane of the atoms). This orbital is where 
electron density fills (bonding occurs) when BF is attacked 
by NH3. The van der Waals surface electron density of BF3 
is indicated by the mesh. As the structure shows, the LUMO 
extends beyond the electron density surface, and hence it 
is easily accessible for reaction. 

The highest occupied molecular orbital (HOMO) of 
ammonia, where the nonbonding pair resides, is shown by 
red and blue lobes in its structure. When the reaction occurs, 
the electron density from the HOMO of ammonia is 
transferred to the LUMO of boron trifluoride. This interaction 


involving the HOMO of one molecule with the LUMO of 
another is, from a molecular orbital perspective, the way 
reactions occur. 


У, 


The LUMO of BF; (left) and the HOMO of NH3 (right). 


€ Carbocations are electron deficient. They have only six electrons in their valence 


shell, and because of this, carbocations are Lewis acids. 


In this way they are like BF3 and AlCla. Most carbocations are also short-lived and highly 
reactive. They occur as intermediates in some organic reactions. Carbocations react rapidly 
with Lewis bases—with molecules or ions that can donate the electron pair that they need 
to achieve a stable octet of electrons (i.e., the electronic configuration of a noble gas): 


dat e 
UA + 


Carbocation Anion 
(a Lewis acid) (а Lewis base) 


gt, 7 


| 
:B- —À 5 о 


v 


4 
C* + 30—H 
N | 

H 


Carbocation Water 
(aLewis acid) (aLewis base) 


@ Carbanions are electron rich. They are anions and have an unshared electron pair. 
Carbanions, therefore, are Lewis bases and react accordingly (Section 3.3). 


3.4A Electrophiles and Nucleophiles 


Because carbocations are electron-seeking reagents chemists call them electrophiles 


(meaning electron-loving). 


ө Electrophiles are reagents that seek electrons so as to achieve a stable shell of 


electrons like that of a noble gas. 


9 All Lewis acids are electrophiles. By accepting an electron pair from a Lewis 


base, a carbocation fills its valence shell. 


Le И 
—C* + 
\ 
Carbocation Lewis 
Lewis acid and base 


electrophile 


| 
в —> E 
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€ Carbon atoms that are electron poor because of bond polarity, but are not 
carbocations, can also be electrophiles. They can react with the electron-rich 
centers of Lewis bases in reactions such as the following: 


2 МЕ+ ô- | s 
877 + CEO > в—с—д: 
РА | .. 
Lewis Lewis acid 
base (electrophile) 


Carbanions are Lewis bases. Carbanions seek a proton or some other positive center 
to which they can donate their electron pair and thereby neutralize their negative charge. 

When a Lewis base seeks a positive center other than a proton, especially that of a 
carbon atom, chemists call it a nucleophile (meaning nucleus loving; the nucleo- part of 
the name comes from nucleus, the positive center of an atom). 


€ A nucleophile is a Lewis base that seeks a positive center such as a positively 
charged carbon atom. 


Since electrophiles are also Lewis acids (electron pair acceptors) and nucleophiles are Lewis 
bases (electron pair donors), why do chemists have two terms for them? The answer is that 
Lewis acid and Lewis base are terms that are used generally, but when one or the other reacts 
to form a bond to a carbon atom, we usually call it an electrophile or a nucleophile. 
à- - 
Nu: Z5 0-4 —ӧ 


Nucleophile Electrophile 


Electrophile ^ Nucleophile 


GA ae [lens cn fics у ар А ов kaiaia Danak naa, 
3.5 How to Use Curved Arrows in Illustrating Reactions 


Up to this point we have not indicated how bonding changes occur in the reactions we have 
presented, but this can easily be done using curved-arrow notation. 


Curved arrows 


@ show the direction of electron flow in a reaction mechanism. 

€ point from the source of an electron pair to the atom receiving the pair. (Curved 
arrows can also show the movement of single electrons. We shall discuss reactions 
of this type in a later chapter.) 

€ always show the flow of electrons from a site of higher electron density to a site of 
lower electron density. 

9 never show the movement of atoms. Atoms are assumed to follow the flow of the 
electrons. 


The reaction of hydrogen chloride with water provides a simple example of how to use 
curved arrow notation. Here we invoke the first of many “A Mechanism for the Reaction" 
boxes, in which we show every key step in a mechanism using color-coded formulas accom- 
panied by explanatory captions. 
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3.5 How to Use Curved Arrows in Illustrating Reactions 


A MECHANISM FOR THE REACTION 


Reaction of Water with Hydrogen Chloride: The Use of Curved Arrows 


REACTION НО + HCl — ЊО + + O 
„Иа Bt ô- ds deis 
MECHANISM H—Ö: + н Cg; — H—O-M + :@ 
H H 
A water molecule uses This leads to the 
H. dog Hi t one of the nonbonding formation of a 
epp p Hm electron pairs to form hydronium ion and 
Curved arrows point from a bond to a proton a chloride ion. 
electrons to the atom receiving of HCI. The bond 
the electrons. between the hydrogen 


and chlorine breaks, 
and the electron pair 
goes to the chlorine atom. 


The curved arrow begins with a covalent bond or unshared electron pair (a site 
of higher electron density) and points toward a site of electron deficiency. We see 
here that as the water molecule collides with a hydrogen chloride molecule, it uses one 
of its unshared electron pairs (shown in blue) to form a bond to the proton of HCI. This 
bond forms because the negatively charged electrons of the oxygen atom are attracted to 
the positively charged proton. As the bond between the oxygen and the proton forms, the 
hydrogen-chlorine bond of HCI breaks, and the chlorine of HCI departs with the elec- 
tron pair that formerly bonded it to the proton. (If this did not happen, the proton would 
end up forming two covalent bonds, which, of course, a proton cannot do.) We, there- 
fore, use a curved arrow to show the bond cleavage as well. By pointing from the bond 
to the chlorine, the arrow indicates that the bond breaks and the electron pair leaves with 
the chloride ion. 

The following acid—base reactions give other examples of the use of the curved-arrow 


notation: 
H—Ö5H + ӧн -— H—6: + H—O—H 
H H 
Acid Base 
v v 
C. xx d + OH = C + hoes 
CH; S61 | H; ~O:- | 
е H H 
Acid Base 
T v 
c + 20—н — С + H—O—H 
cH; ^6: à CH; “ӧ:- 7 
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Solved Problem 3.2 


Add curved arrows to the following reactions to indicate the flow of electrons for all of the bond-forming and bond- 
breaking steps. 


(a) H 
* Ae 
di 3r H—Cl == ar CI 
(b) е 
ЕРУ ТЕ S 
H C oe 
P. OL O: о 
(с) o @ с Н b] 
+ — H—6—$—6—H > | * 0—$—06—H 
Sg l T | 
(d) О Ten 


pr E Nee y 
N 


STRATEGY AND ANSWER Recall the rules for use of curved arrows presented at the beginning of Section 3.5. 
Curved arrows point from the source of an electron pair to the atom receiving the pair, and always point from a 
site of higher electron density to a site of lower electron density. We must also not exceed two electrons for a hydro- 
gen atom, or an octet of electrons for any elements in the second row of the periodic table. We must also account 
for the formal charges on atoms and write equations whose charges are balanced. 

In (a), the hydrogen atom of HCI is partially positive (electrophilic) due to the electronegativity of the chlorine 
atom. The alcohol oxygen is a source of electrons (a Lewis base) that can be given to this partially positive pro- 
ton. The proton must lose a pair of electrons as it gains a pair, however, and thus the chloride ion accepts a pair of 
electrons from the bond it had with the hydrogen atom as the hydrogen becomes bonded to the alcohol oxygen. 


(a) | 
Ф J HCl: === > + :@ғ 


In (b), the carboxylic acid hydrogen is partially positive and therefore electrophilic, and the amine provides 
an unshared pair of electrons that forms a bond with the carboxylic acid hydrogen, causing departure of a 
carboxylate anion. 


(b) 
J | Agi a а w em 


3.6 The Strength of Bronsted-Lowry Acids and Bases: К, and pK, 


The circumstances in (c) are quite similar to (a) and (b). In this case the electrophile is a proton of sulfuric acid. 


(c) Е о +H "oy 
S S MR A O KEA oe 
вон = T OSOH 
NES T m oe T oe 
0. О. 


In (d), the aldehyde carbon is electrophilic due to the electronegativity of the carbonyl oxygen. The cyanide anion 
acts as a Lewis base, donating an electron pair to the carbonyl carbon, and causing an electron pair to shift to the 
oxygen so that no atom has more than an octet of electrons. 


RU (9 fen 
N 


Use the curved-arrow notation to write the reaction that would take place between dimethyl- Review Problem 3.3 
amine (CH3)oNH and boron trifluoride. Identify the Lewis acid and Lewis base and assign 
appropriate formal charges. 


3.6 The Strength of Bronsted-Lowry Acids and Bases: К, and pK, 


In contrast to the strong acids, such as НСІ and H2SO,, acetic acid is a much weaker acid. 
When acetic acid dissolves in water, the following reaction does not proceed to completion: 


C + HO = C + H,O+ 
OH сна `o- 


Experiments show that in a 0.1M solution of acetic acid at 25°C only about 1% of the acetic 
acid molecules ionize by transferring their protons to water. Therefore, acetic acid is a weak 
acid. As we shall see next, acid strength is characterized in terms of acidity constant (K,) 
or pK, values. 


3.6A The Acidity Constant, K, 


Because the reaction that occurs in an aqueous solution of acetic acid is an equilibrium, 
we can describe it with an expression for the equilibrium constant (Keq): 
[930°] [CH;CO? ] 
" . [СНАСО„Н ЊОЈ] 
For dilute aqueous solutions, the concentration of water is essentially constant (~55.5М), 


so we can rewrite the expression for the equilibrium constant in terms of a new constant 
(K,) called the acidity constant: 


[4507] [CH;CO; ] 
[CH4CO;H] 
At 25°C, the acidity constant for acetic acid is 1.76 X 1073, 


We can write similar expressions for any weak acid dissolved in water. Using а gene- 
ralized hypothetical acid (HA), the reaction in water is 


HA + HO = HO* + A 


K, = Ка [НО] = 
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Review Problem 3.4 


Helpful Hint 


K, and pK, are indicators of acid 
strength. 
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and the expression for the acidity constant is 


— [HOJA] 
Ka = НАЈ 


Because the concentrations of the products of the reaction are written in the numerator and 
the concentration of the undissociated acid in the denominator, a large value of K, means 
the acid is a strong acid and a small value of K, means the acid is a weak acid. If the 
K, is greater than 10, the acid will be, for all practical purposes, completely dissociated in 
water at concentrations less than 0.01M. 


Formic acid (НСОН) has K, = 1.77 X 1074. (a) What are the molar concentrations of the 
hydronium ion and formate ion (HCO» ) in a 0.1M aqueous solution of formic acid? 
(b) What percentage of the formic acid is ionized? 


3.6B Acidity and pK, 
Chemists usually express the acidity constant, K}, as its negative logarithm, рК, : 
pK, = —log K, 
This is analogous to expressing the hydronium ion concentration as pH: 
pH = —log[H30*] 
For acetic acid the pK, is 4.75: 
pK, = —log(1.76 x 1073) = —(—4.75) = 4.75 


Notice that there is an inverse relationship between the magnitude of the pK, and the 
strength of the acid. 


9 The larger the value of the pK,, the weaker is the acid. 


For example, acetic acid with pK, — 4.75 is a weaker acid than trifluoroacetic acid with 
pK, = 0 (Ka = 1). Hydrochloric acid with pK, = —7 (Ka = 107) is a far stronger acid than 
trifluoroacetic acid. (It is understood that a positive pK, is larger than a negative pKa.) 


CH4CO;H < CF,COH < HCI 
рК, = 4.75 pK=0 pK,—--7 


Weak acid Very strong acid 


Table 3.1 lists pK, values for a selection of acids relative to water as the base. The val- 
ues in the middle pK, range of the table are the most accurate because they can be mea- 
sured in aqueous solution. Special methods must be used to estimate the pK, values for the 
very strong acids at the top of the table and for the very weak acids at the bottom.* The 
pK, values for these very strong and weak acids are therefore approximate. All of the acids 
that we shall consider in this book will have strengths in between that of ethane (an 
extremely weak acid) and that of HSbFg (an acid that is so strong that it is called a 
"superacid"). As you examine Table 3.1, take care not to lose sight of the vast range of 
acidities that it represents (a factor of 10°). 


* Acids that are stronger than a hydronium ion and bases that are stronger than a hydroxide ion react completely 
with water (a phenomenon called the leveling effect; see Sections 3.2B and 3.15). Therefore, it is not possible 
to measure acidity constants for these acids in water. Other solvents and special techniques are used, but we do 
not have the space to describe those methods here. 
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CCID Relative Strength of Selected Acids and Their Conjugate Bases 


Conjugate 
Acid Approximate pK, Base 
Strongest acid HSbFg «—12 SbFg- Weakest base 
HI —10 | 
H2504 -9 HSO% 
HBr –9 Bro 
HCI =7 [o 
CeHsSO3H —6.5 CeH5SO5 
(CH3)20H , —3.8 (CH3)20 
(CHs)pC=OH —2.9 (CH3)/C—O 
CH3OHs -2.5 CH3OH 
H3O* –1.74 H20 
HNO3 -1.4 NO37 " 
CF3CO5H 0.18 СЕзСО» 8 
HF 3:2 Е“ 
CgHsCO2H 4.21 Сен; СО2 
CeHsNH3* 4.63 CeHsNH> 
CH3CO2H 4.75 CH3CO» 
H2COs 6.35 НСОз 
CH3COCH2COCH3 9.0 CH3COHCOCH3 
NH4* 9.2 NH3 
CgHsOH 9.9 сео“ 
НСО5“ 10.2 CO? 
CH3NH3* 10.6 CH3NH> 
H2O 15.7 он“ 
CH3CH20H 16 CH3CH20 ^ 
(CH3)3COH 18 (CH3)3CO~ 
CH3COCH3 19.2 ~CH2COCH3 
HC=CH 25 HC=C™ 
H2 35 H^ 
NH3 38 МН 
СНо==<Н2 44 СНо==СН 
Weakest acid CH3CH3 50 CH3CH» Strongest base 


(a) An acid (HA) has K, = 1077. What is its pK,? (b) Another acid (HB) has К, = 5; 
what is its pK,? (е) Which is the stronger acid? 


Water, itself, is a very weak acid and undergoes self-ionization even in the absence of 
acids and bases: 


In pure water at 25°C, the concentrations of hydronium and hydroxide ions are equal to 1077M. 
Since the concentration of water in pure water is 55.5M, we can calculate the K, for water. 
[HO"]OH] p 00770107) 
[H20] i 55.5 


K, 218x101 px, = 157 


Show calculations proving that the pK, of the hydronium ion (H3O ^) is — 1.74 as given in 
Table 3.1. 


Review Problem 3.5 


Review Problem 3.6 
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3.6C Predicting the Strength of Bases 


In our discussion so far we have dealt only with the strengths of acids. Arising as a natural 
corollary to this is a principle that allows us to estimate the strengths of bases. Simply 
stated, the principle is this: 


9 The stronger the acid, the weaker will be its conjugate base. 
We can, therefore, relate the strength of a base to the pK, of its conjugate acid. 
ө The larger the pK, of the conjugate acid, the stronger is the base. 


Consider the following as examples: 


CI CH4CO,- OH- 
Very weak base Weak base Strong base 
pK, of conjugate pK, of conjugate pK, of conjugate 


acid (HCI) = –7 acid (CH,CO,H) = 4.75 acid (H,O) = 15.7 


We see that the hydroxide ion is the strongest in this series of three bases because its 
conjugate acid, water, is the weakest acid. (We know that water is the weakest acid because 
it has the largest pKa.) 

Amines are like ammonia in that they are weak bases. Dissolving ammonia in water 
brings about the following equilibrium: 


H 
"uu те |. x 
NH, + H—O—H —- NM + 7:0—H 
H 
Base Acid Conjugate Conjugate 
acid base 
pK, = 9.2 


Dissolving methylamine in water causes the establishment of a similar equilibrium. 


H 
CH,NH, + H--O—H = CH, N H + ~0—H 
H 
Base Acid Conjugate Conjugate 
acid base 
pK, = 10.6 


Again we can relate the basicity of these substances to the strength of their conjugate acids. The 
conjugate acid of ammonia is the ammonium ion, NH4”. The pK, of the ammonium ion is 9.2. 
The conjugate acid of methylamine is the CH3NH3* ion. This ion, called the methylaminium 
ion, has pK, = 10.6. Since the conjugate acid of methylamine is a weaker acid than the conju- 
gate acid of ammonia, we can conclude that methylamine is a stronger base than ammonia. 


Solved Problem 3.3 


Using the pK, values in Table 3.1 decide which is the stronger base, CH3OH or H20. 
STRATEGY AND ANSWER From Table 3.1, we find the pK, values of the conjugate acids of water and methanol. 


Weaker 
acid 


аа mm Stronger 
PES а acid 


H H 
pK, = –1.74 pK, = -2.5 
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3.7 How to Predict the Outcome of Acid-Base Reactions 


Because water is the conjugate base of the weaker acid, it is the stronger base. 


Stronger Hn. НзС + Weaker 
base rg | base 
H H 
Using the pK, values of analogous compounds in Table 3.1 predict which would be the Review Problem 3.7 


stronger base. 


b TR А 
À C 279 E p MIL or : 


(с (а AD E 
ji 7 у О: HO д: 
УМ ог On din d or b d 
O О 


The pK, of the anilinium ion (CeHsNH3) is 4.63. On the basis of this fact, decide whether Review Problem 3.8 
aniline (Сана МН) is a stronger or weaker base than methylamine. 


3.7 How to Predict the Outcome of Acid-Base Reactions 


Table 3.1 gives the approximate pK, values for a range of representative compounds. While 
you probably will not be expected to memorize all of the pK; values in Table 3.1, it is a 
good idea to begin to learn the general order of acidity and basicity for some of the com- 
mon acids and bases. The examples given in Table 3.1 are representative of their class or 
functional group. For example, acetic acid has a pK, — 4.75, and carboxylic acids gener- 
ally have pK, values near this value (in the range pK, — 3—5). Ethyl alcohol is given as an 
example of an alcohol, and alcohols generally have pK, values near that of ethyl alcohol 
(in the pK, range 15—18), and so on. (There are exceptions, of course, and we shall learn 
what these exceptions are as we go on.) 


By learning the relative scale of acidity of common acids now, you will be able to predict Helpfi ul Hint 
whether or not an acid-base reaction will occur as written. Formation of the weaker acid and 
e . Е . 5 base is an important general 
@ The general principle to apply is this: Acid—base reactions always favor the for- principle for predicting the 
mation of the weaker acid and the weaker base. outcome of acid-base reactions. 


The reason for this is that the outcome of an acid—base reaction is determined by the posi- 
tion of an equilibrium. Acid-base reactions are said, therefore, to be under equilibrium 
control, and reactions under equilibrium control always favor the formation of the most 
stable (lowest potential energy) species. The weaker acid and weaker base are more stable 
(lower in potential energy) than the stronger acid and stronger base. 

Using this principle, we can predict that a carboxylic acid (RCO?H) will react with aque- 
ous NaOH in the following way because the reaction will lead to the formation of the weaker 
acid (H20) and weaker base (RCO» ): 


$ v 
С. А А " 
R^ had "ЕР — во“ обема + H—Ó—H 


Stronger acid Stronger base Weaker base Weaker acid 
pK = 3-5 pK, = 15.7 


Because there is a large difference in the value of the pK, of the two acids, the position of 
equilibrium will greatly favor the formation of the products. In instances like these we com- 
monly show the reaction with a one-way arrow even though the reaction is an equilibrium. m 
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Solved Problem 3.4 


Consider the mixing of an aqueous solution of phenol, CgH5OH (see Table 3.1), and NaOH. What acid-base reaction, 
if any, would take place? 


STRATEGY Consider the relative acidities of the reactant (phenol) and of the acid that might be formed (water) by 
a proton transfer to the base (the hydroxide ion). 


ANSWER The following reaction would take place because it would lead to the formation of a weaker acid (water) 
from the stronger acid (phenol). It would also lead to the formation of a weaker base, С5Н5ОМа, from the stronger 


base, NaOH. 
C,H,—0--H + Nat- :0—H — C,H,—O0:Na* + H—O—H 
Stronger acid Stronger base Weaker base Weaker acid 
pK, — 9.9 pK, = 15.7 
Review Problem 3.9 Predict the outcome of the following reaction. 


= + NH ә 


3.7A Water Solubility as the Result of Salt Formation 


Although acetic acid and other carboxylic acids containing fewer than five carbon atoms are 
soluble in water, many other carboxylic acids of higher molecular weight are not appreciably 
soluble in water. Because of their acidity, however, water-insoluble carboxylic acids dissolve 
in aqueous sodium hydroxide; they do so by reacting to form water-soluble sodium salts: 


? ? 

Go us w^ Nua Go a 5 
CY So? H+ Nat `Ö—H — CY бума + H—Ó—H 
Insoluble in water Soluble in water 


(due to its polarity as a salt) 


We can also predict that an amine will react with aqueous hydrochloric acid in the 
following way: 


H 
le аы " | А 
R—NH, + H T HC — dp s Cl + o 
H H H 
Stronger base Stronger acid Weaker acid Weaker base 
pK, = —1.74 pK, = 9-10 
Pseudoephedrine is an amine 
that is sold as its hydrochloride While methylamine and most amines of low molecular weight are very soluble in water, 
salt. amines with higher molecular weights, such as aniline (Сена МН2), have limited water sol- 


ubility. However, these water-insoluble amines dissolve readily in hydrochloric acid because 
the acid—base reactions convert them into soluble salts: 


H 
о: РЕА | n T 
C,H,—NH, + ie ans Cr — MEUM Cl + T 
H 
Water insoluble Water-soluble 
salt 
Review Problem 3.10 Most carboxylic acids dissolve in aqueous solutions of sodium bicarbonate (NaHCO3) 


because, as carboxylate salts, they are more polar. Write curved arrows showing the reaction 


3.8 Relationships between Structure and Acidity 


between a generic carboxylic acid and sodium bicarbonate to form a carboxylate salt and 
H»CO3. (Note that H2CO3 is unstable and decomposes to carbon dioxide and water. You do 
not need to show that process.) 
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3.8 Relationships between Structure and Acidity 


The strength of a Brgnsted-Lowry acid depends on the extent to which a proton can be 
separated from it and transferred to a base. Removing the proton involves breaking a bond 
to the proton, and it involves making the conjugate base more electrically negative. 

When we compare compounds in a single column of the periodic table, the strength of 
the bond to the proton is the dominating effect. 


€ Bond strength to the proton decreases as we move down the column, increasing its 
acidity. 
This phenomenon is mainly due to decreasing effectiveness of orbital overlap between the 
hydrogen 15 orbital and the orbitals of successively larger elements in the column. The less 
effective the orbital overlap, the weaker is the bond, and the stronger is the acid. The acidi- 
ties of the hydrogen halides furnish an example: 


< + - о-о > 


Group МПА -7 H—Cl i 


Comparing the hydrogen halides with each other, H—F is the weakest acid and H—| 
is the strongest. This follows from the fact that the H—F bond is by far the strongest and 
the H—I bond is the weakest. 

Because НІ, НВг, and HCI are strong acids, their conjugate bases (1, Br’, СІ) are all 
weak bases. HF, however, which is less acidic than the other hydrogen halides by 
10-13 orders of magnitude (compare their pK, values), has a conjugate base that is corre- 
spondingly more basic than the other halide anions. The fluoride anion is still not nearly 
as basic as other species we commonly think of as bases, such as the hydroxide anion, 
however. A comparison of the pK, values for HF (3.2) and H20 (15.7) illustrates this point. 

The same trend of acidities and basicities holds true in other columns of the periodic 
table. Consider, for example, the column headed by oxygen: 


A 
c 
i 
d 
pK, i 
t 
15.7 ЊО А 
Group VIA 
7.0 H,S 


3.9 H,Se 


Helpful Hint 


Proton acidity increases as we 
descend a column in the periodic 
table due to decreasing bond 
strength to the proton. 
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Helpful Hint 


Proton acidity increases from left 
to right in a given row of the 
periodic table due to increasing 
stability of the conjugate base. 


Figure 3.2 The effect of increasing 


electronegativity among elements from 


left to right in the first row of the pe 
table is evident in these maps of 
electrostatic potential for methane, 
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Here the strongest bond is the O—H bond and H20 is the weakest acid; the weakest bond 
is the Se—H bond and H2Se is the strongest acid. 


Ф Acidity increases from left to right when we compare compounds in a given row 
of the periodic table. 


Bond strengths vary somewhat, but the predominant factor becomes the electronegativity 
of the atom bonded to the hydrogen. The electronegativity of the atom in question affects 
acidity in two related ways. It affects the polarity of the bond to the proton and it affects 
the relative stability of the anion (conjugate base) that forms when the proton is lost. 

We can see an example of this effect when we compare the acidities of the compounds 
СН,, NH3, H20, and HF. These compounds are all hydrides of first-row elements, and elec- 
tronegativity increases across a row of the periodic table from left to right (see Table 1.2): 


Electronegativi SREB 


C N O F 


Because fluorine is the most electronegative, the bond in H—F is most polarized, and the 
proton in H—F is the most positive. Therefore, H—F loses a proton most readily and is 


the most acidic in this series: 
Acidity increases CO, 


= + = 6+ = b+ 6— + 
H4C —H HN —H HO—H F—H 
pK, = 48 pK, = 38 pK, = 15.7 pK, = 3.2 


Electrostatic potential maps for these compounds directly illustrate this trend based on 
electronegativity and increasing polarization of the bonds to hydrogen (Fig. 3.2). Almost 
no positive charge (indicated by extent of color trending toward blue) is evident at the hydro- 
gens of methane. Very little positive charge is present at the hydrogens of ammonia. This 
is consistent with the weak electronegativity of both carbon and nitrogen and hence with 
the behavior of methane and ammonia as exceedingly weak acids (pK, values of 48 and 
38, respectively). Water shows significant positive charge at its hydrogens (pK, more than 
20 units lower than ammonia), and hydrogen fluoride clearly has the highest amount of 
positive charge at its hydrogen (pK, of 3.2), resulting in strong acidity. 

Because H—F is the strongest acid in this series, its conjugate base, the fluoride ion 
(Е), will be the weakest base. Fluorine is the most electronegative atom and it accom- 
modates the negative charge most readily: 


CH,” H;N^ HO- F- 


The methanide ion (CHs ) is the least stable anion of the four, because carbon being 
the least electronegative element is least able to accept the negative charge. The methanide 
ion, therefore, is the strongest base in this series. [The methanide ion, a carbanion, 
and the amide ion (МН2 ) are exceedingly strong bases because they are the conjugate 
bases of extremely weak acids. We shall discuss some uses of these powerful bases in 
Section 3.15.] 


riodic 


ammonia, water, and hydrogen fluoride. Methane Ammonia Water Hydrogen fluoride 
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3.8 Relationships between Structure and Acidity 


Trends in acidity within the periodic table are summarized in Fig. 3.3. 


c 
E 
5 
© 
о 
с tm 
б 29 
Hydride (H3C—H) (H2N—H) (HO—H) (F—H) oc 
pK, 48 38 15.7 3.2 
S CI 
(HS—H) (CI—H) 
7.0 -7 
Figure 3.3 А summary of 
Se Br periodic trends in relative acidity. 
(HSe—H) (Br—H) Acidity increases from left to 
3.9 -9 right across a given row 
(electronegativity effect) and 
! from top to bottom in a given 
(I—H) column (bond strength effect) 
-10 


of the periodic table. 


3.8A The Effect of Hybridization 


The protons of ethyne are more acidic than those of ethene, which in turn are more acidic 
than those of ethane: 


AN 7 A P 
н-с=с-н 0-0 CQ 
H \ H M 
Ethyne Ethene Ethane 
pK, = 25 pK, = 44 pK, = 50 


We can explain this order of acidities on the basis of the hybridization state of carbon in each 
compound. Electrons of 2s orbitals have lower energy than those of 2p orbitals because elec- 
trons in 2s orbitals tend, on the average, to be much closer to the nucleus than electrons in 
2p orbitals. (Consider the shapes of the orbitals: 2s orbitals are spherical and centered on the 
nucleus; 2p orbitals have lobes on either side of the nucleus and are extended into space.) 


€ With hybrid orbitals, having more s character means that the electrons of the 
anion will, on the average, be lower in energy, and the anion will be more stable. 


The sp orbitals of the C—H bonds of ethyne have 50% s character (because they arise from 
the combination of one s orbital and one p orbital), those of the sp? orbitals of ethene have 
33.3% s character, while those of the sp? orbitals of ethane have only 2546 s character. This 
means, in effect, that the sp carbon atoms of ethyne act as if they were more electronega- 
tive than the sp? carbon atoms of ethene and the sp? carbon atoms of ethane. (Remember: 
Electronegativity measures an atom's ability to hold bonding electrons close to its nucleus, 
and having electrons closer to the nucleus makes it more stable.) 

The effect of hybridization on acidity is borne out in the calculated electrostatic poten- 
tial maps for ethyne, ethene, and ethane shown in Fig. 3.4. Some positive charge (indicated 


Figure 3.4 Electrostatic 
potential maps for ethyne, 
Ethyne Ethene Ethane ethene, and ethane. 
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Figure 3.5 Ethyl fluoride, 
showing its dipole moment 
inside a cutaway view of the 
electrostatic potential at its van 
der Waals surface. 
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by blue color) is clearly evident on the hydrogens of ethyne (pK, — 25), but almost no pos- 
itive charge is present on the hydrogens of ethene and ethane (both having pK, values more 
than 20 units greater than ethyne). This is consistent with the effectively greater elec- 
tronegativity of the sp orbitals in ethyne, which have more s character than the sp? and sp? 
orbitals in ethene and ethane. [Also evident in Fig. 3.4 is the negative charge resulting from 
electron density in the т bonds of ethyne and ethene (indicated by red in the region of their 
respective 7r bonds). Note the cylindrical symmetry of 7 electron density in the triple bond 
of ethyne. In the т bond of ethene there is a region of high electron density on its under- 
neath face complementary to that visible on the top face of its double bond.] 

Now we can see how the order of relative acidities of ethyne, ethene, and ethane paral- 
lels the effective electronegativity of the carbon atom in each compound: 


Relative Acidity of the Hydrocarbons 
HC=CH > H2C—CH»o > H3C—CH3 


Being the most electronegative, the sp-hybridized carbon atom of ethyne polarizes its 
C—H bonds to the greatest extent, causing its hydrogens to be most positive. Therefore, 
ethyne donates a proton to a base more readily. And, in the same way, the ethynide ion is 
the weakest base because the more electronegative carbon of ethyne is best able to stabi- 
lize the negative charge. 


Relative Basicity of the Carbanions 
H3C—CHs: > H2C—CH: > НС=6: 


Notice that the explanation given here involves electronegativity, just as that given earlier 
to account for the relative acidities of HF, H20, NH3, and СН,. 


3.8B Inductive Effects 


The carbon-carbon bond of ethane is completely nonpolar because at each end of the bond 
there are two equivalent methyl groups: 


CH3— CHs 
Ethane 


The C— C bond is nonpolar. 
This is not the case with the carbon-carbon bond of ethyl fluoride, however: 


6+ ô+ é- 
CH3>-CH5>F 
2 1 


One end of the bond, the one nearer the fluorine atom, is more negative than the other. 
This polarization of the carbon-carbon bond results from an intrinsic electron-attracting 
ability of the fluorine (because of its electronegativity) that is transmitted through space 
and through the bonds of the molecule. Chemists call this kind of effect an inductive 
effect. 


© Inductive effects are electronic effects transmitted through bonds. The inductive 
effect of a group can be electron donating or electron withdrawing. Inductive 
effects weaken as the distance from the group increases. 


In the case of ethyl fluoride, the positive charge that the fluorine imparts to C1 is greater 
than that imparted to C2 because the fluorine is closer to C1. 

Figure 3.5 shows the dipole moment for ethyl fluoride (fluoroethane). The distribution 
of negative charge around the electronegative fluorine is plainly evident in the calculated 
electrostatic potential map. 


3.9 Energy Changes 


Since we will be talking frequently about the energies of chemical systems and the rela- 
tive stabilities of molecules, perhaps we should pause here for a brief review. Energy is 
defined as the capacity to do work. The two fundamental types of energy are kinetic energy 
and potential energy. 

Kinetic energy is the energy an object has because of its motion; it equals one-half the 
object's mass multiplied by the square of its velocity (1.е., 1ту?). 

Potential energy is stored energy. It exists only when an attractive or repulsive force 
exists between objects. Two balls attached to each other by a spring (an analogy we used 
for covalent bonds when we discussed infrared spectroscopy in Section 2.15) can have their 
potential energy increased when the spring is stretched or compressed (Fig. 3.6). If the 
spring is stretched, an attractive force will exist between the balls. If it is compressed, a 
repulsive force will exist. In either instance releasing the balls will cause the potential energy 
(stored energy) of the balls to be converted into kinetic energy (energy of motion). 

Chemical energy is a form of potential energy. It exists because attractive and repulsive 
electrical forces exist between different pieces of the molecules. Nuclei attract electrons, 
nuclei repel each other, and electrons repel each other. 

It is usually impractical (and often impossible) to describe the absolute amount of 
potential energy contained by a substance. Thus we usually think in terms of its relative 
potential energy. We say that one system has more or less potential energy than another. 

Another term that chemists frequently use in this context is the term stability or relative 
stability. The relative stability of a system is inversely related to its relative potential energy. 


€ The more potential energy an object has, the less stable it is. 


Consider, as an example, the relative potential energy and the relative stability of snow when 
it lies high on a mountainside and when it lies serenely in the valley below. Because of the 
attractive force of gravity, the snow high on the mountain has greater potential energy and 
is much less stable than the snow in the valley. This greater potential energy of the snow 
on the mountainside can become converted into the enormous kinetic energy of an 
avalanche. By contrast, the snow in the valley, with its lower potential energy and with its 
greater stability, is incapable of releasing such energy. 


e. Ф-ЛЛЛЛЛЛЛЛЛӘ 


Spring/bond Spring/bond stretched 
compressed (eventually spring/bond breaks) 
(nuclear 
repulsion) 


Relaxed spring 
(natural bond distance) 


Internuclear distance 
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3.9 Energy Changes 


Figure 3.6 Potential energy 
exists between objects that 
either attract or repel each 
other. In the case of atoms 
joined by a covalent bond, or 
objects connected by a spring, 
the lowest potential energy state 
occurs when atoms are at their 
ideal internuclear distance (bond 
length), or when a spring 
between objects is relaxed. 
Lengthening or shortening the 
bond distance, or compressing 
or stretching a spring, raises the 
potential energy. 
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H- + H- 


436 kJ mol 


Ф HH 
Figure 3.7 The relative 
potential energies of hydrogen 
atoms and a hydrogen molecule. 
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3.9A Potential Energy and Covalent Bonds 


Atoms and molecules possess potential energy—often called chemical energy—that can 
be released as heat when they react. Because heat is associated with molecular motion, this 
release of heat results from a change from potential energy to kinetic energy. 

From the standpoint of covalent bonds, the state of greatest potential energy is the state 
of free atoms, the state in which the atoms are not bonded to each other at all. This is true 
because the formation of a chemical bond is always accompanied by the lowering of the 
potential energy of the atoms (cf. Fig. 1.8). Consider as an example the formation of 
hydrogen molecules from hydrogen atoms: 


H- + H.—5H-—H Ан = —436 kJ mol !* 


The potential energy of the atoms decreases by 436 kJ mol! as the covalent bond forms. 
This potential energy change is illustrated graphically in Fig. 3.7. 

A convenient way to represent the relative potential energies of molecules is in terms of 
their relative enthalpies, or heat contents, H. (Enthalpy comes from en + thalpein, Greek: 
to heat.) The difference in relative enthalpies of reactants and products in a chemical 
change is called the enthalpy change and is symbolized by ДАН“. [The А (delta) in front 
of a quantity usually means the difference, or change, in the quantity. The superscript ° indi- 
cates that the measurement is made under standard conditions. ] 

By convention, the sign of AH° for exothermic reactions (those evolving heat) is 
negative. Endothermic reactions (those that absorb heat) have a positive AH?. The heat of 
reaction, AH?, measures the change in enthalpy of the atoms of the reactants as they are 
converted to products. For an exothermic reaction, the atoms have a smaller enthalpy as 
products than they do as reactants. For endothermic reactions, the reverse is true. 


3.10 The Relationship between the Equilibrium Constant and the Standard 
Free-Energy Change, AG° 


An important relationship exists between the equilibrium constant (Keq) and the 
standard free-energy change (AG?) for a reaction." 


AG? = -RTIn Keg 


where R is the gas constant and equals 8.314 J K^! тог“ ! and T is the absolute tempera- 
ture in kelvins (K). 
This equation tells us the following: 


ө For a reaction to favor the formation of products when equilibrium is reached 
it must have a negative value for AG°. Free energy must be lost as the reactants 
become products; that is, the reaction must go down an energy hill. For such a 
reaction the equilibrium constant will be greater than one. If AG? is more negative 
than 13 kJ тої! the equilibrium constant will be large enough for the reaction to 
go to completion, meaning that more than 99% of the reactants will be converted 
to products when equilibrium is reached. 


9 For reactions with a positive AG°, the formation of products at equilibrium is 
unfavorable. The equilibrium constant for these reactions will be less than one. 


"The unit of energy in SI units is the joule, J, and 1 cal = 4.184 J. (Thus 1 kcal = 4.184 kJ.) A kilocalorie of 
energy (1000 cal) is the amount of energy in the form of heat required to raise by 1°C the temperature of 1 kg 
(1000 g) of water at 15?C. 


Тву standard free-energy change (407), we mean that the products and reactants are taken as being in their 
standard states (1 atm of pressure for a gas and 1M for a solution). The free-energy change is often called the 
Gibbs free-energy change, to honor the contributions to thermodynamics of J. Willard Gibbs, a professor of 
mathematical physics at Yale University in the latter part of the nineteenth century. 
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The free-energy change (AG?) has two components, the enthalpy change (АНУ) and the 
entropy change (AS°). The relationship between these three thermodynamic quantities is 


AG? = АН° —TAS? 


We have seen (Section 3.9) that AH? is associated with changes in bonding that occur 
in a reaction. If, collectively, stronger bonds are formed in the products than existed in the 
starting materials, then AZ? will be negative (i.e., the reaction is exothermic). If the reverse 
is true, then AH? will be positive (the reaction is endothermic). A negative value for АН“, 
therefore, will contribute to making AG? negative and will consequently favor the 
formation of products. For the ionization of an acid, the less positive or more negative 
the value of АН“, the stronger the acid will be. 

Entropy changes have to do with changes in the relative order of a system. The more 
random a system is, the greater is its entropy. Therefore, a positive entropy change 
(F AS?) is always associated with a change from a more ordered system to a less ordered 
one. A negative entropy change (— AS?) accompanies the reverse process. In the equation 
AG? = AH? — T Аб, the entropy change (multiplied by T) is preceded by a negative sign; 
this means that a positive entropy change (from order to disorder) makes a negative 
contribution to AG? and is energetically favorable for the formation of products. 

For many reactions in which the number of molecules of products equals the number of 
molecules of reactants (e.g., when two molecules react to produce two molecules), the entropy 
change will be small. This means that except at high temperatures (where the term Т AS? 
becomes large even if AS? is small) the value of ДНУ will largely determine whether or not 
the formation of products will be favored. If AH? is large and negative (if the reaction is 
exothermic), then the reaction will favor the formation of products at equilibrium. If AH? is 
positive (if the reaction is endothermic), then the formation of products will be unfavorable. 


State whether you would expect the entropy change, AS°, to be positive, negative, or approx- Review Problem 3.11 
imately zero for each of the following reactions. (Assume the reactions take place in the 
gas phase.) 


(a) A+ B—C (b) A+B—>C+D (с. A>B+C 


(a) What is the value of AG? for a reaction where Кеа = 1? (b) Where Keq = 10? (The change Review Problem 3.12 
in AG? required to produce a 10-fold increase in the equilibrium constant is a useful term to 

remember.) (c) Assuming that the entropy change for this reaction is negligible (or zero), what 

change in ДА? is required to produce a 10-fold increase in the equilibrium constant? 


3.11 The Acidity of Carboxylic Acids 


Carboxylic acids are weak acids, typically having pK, values in the range of 3—5. Alcohols, 
by comparison, have pK, values in the range of 15-18, and essentially do not give up a 
proton unless exposed to a very strong base. 

To investigate the reasons for this difference, let’s consider acetic acid and ethanol as 
representative examples of simple carboxylic acids and alcohols. 


O 
| 
У 
CH; OH CH,CH,—OH 
Acetic acid Ethanol 
pK, = 4.75 pK, = 16 
AG? = 27 kJ mol" AG? = 90.8 kJ mol" 


(AG? values are for OH proton ionization.) 


Using the pK, for acetic acid (4.75), one can calculate (Section 3.10) that the free-energy 
change (AG?) for ionization of the carboxyl proton of acetic acid is +27 kJ тог" !, а mod- 
erately endergonic (unfavorable) process, since the AG? value is positive. Using the pK, of 
ethanol (16), one can calculate that the corresponding free-energy change for ionization of 
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Figure 3.8 A diagram 
comparing the free-energy 
changes that accompany 
ionization of acetic acid and 
ethanol. Ethanol has a larger 
positive free-energy change and 
is a weaker acid because its 
ionization is more unfavorable. 


Chapter З An Introduction to Organic Reactions and Their Mechanisms 


CH3CH;O* 
+ H,O* 
CH3;CO,- , 
+H,0* = 90.8 kJ тог 
IL AG? = 27 kJ тог! 
CH3CO5H CH3CH,OH 
+ HO + HO 


the hydroxyl proton of ethanol is +90.8 kJ mol 1 a much more endergonic (and hence even 
less favorable) process. These calculations reflect the fact that ethanol is much less acidic 
than acetic acid. Figure 3.8 depicts the magnitude of these energy changes in a relative sense. 

How do we explain the much greater acidity of carboxylic acids than alcohols? Consider 
first the structural changes that occur if both acetic acid and ethanol act as acids by donat- 
ing a proton to water. 


Acetic Acid Acting as an Acid 


ў i 1 | 
DPA + 
C gull s 0 —— C, , + H—O: 
нс XX -— ^H Hc ^O: | 
Acetic acid Water Acetate ion Hydronium ion 
Ethanol Acting as an Acid 
H 
TUM ^ rà m = |, 
CH,CH,—O— H + Ox —-  CH&SCH;—O: + dn 
У H 
Ethanol Water Ethoxide ion Hydronium ion 


What we need to focus on is the relative stability of the conjugate bases derived from a car- 
boxylic acid and an alcohol. This is because the smaller free-energy change for ionization 
of a carboxylic acid (e.g., acetic acid) as compared to an alcohol (e.g., ethanol) has been 
attributed to greater stabilization of the negative charge in the carboxylate ion as compared 
to an alkoxide ion. Greater stabilization of the carboxylate ion appears to arise from two 
factors: (a) delocalization of charge (as depicted by resonance structures for the carboxy- 
late ion, Section 3.11A), and (b) an inductive electron-withdrawing effect (Section 3.8B). 


3.11A The Effect of Delocalization 


Delocalization of the negative charge is possible in a carboxylate anion, but it is not possible 
in an alkoxide ion. We can show how delocalization is possible in carboxylate ions by 
writing resonance structures for the acetate ion. 


Two resonance structures that can be written for acetate anion 
HC ^G- CH; ^ 


Му 
Resonance stabilization in acetate ion 
(The structures are equivalent and there is no 
requirement for charge separation.) 
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The two resonance structures we drew above distributed the negative charge to both oxy- 
gen atoms of the carboxylate group, thereby stabilizing the charge. This is a delocaliza- 
tion effect (by resonance). In contrast, no resonance structures are possible for an alkoxide 
ion, such as ethoxide. (You may wish to review the rules we have given in Section 1.8 for 
writing proper resonance structures.) 


CH,—CH,—Ó—H + Њо = CH,—CH,—O:- + њо" 


No resonance No resonance 
stabilization stabilization 


No resonance structures can be drawn for either ethanol or ethoxide anion. 


A tule to keep in mind is that charge delocalization is always a stabilizing factor, and 
because of charge stabilization, the energy difference for formation of a carboxylate ion 
from a carboxylic acid is less than the energy difference for formation of an alkoxide ion 
from an alcohol. Since the energy difference for ionization of a carboxylic acid is less than 
for an alcohol, the carboxylic acid is a stronger acid. Acetate anion 


3.11B The Inductive Effect 


We have already shown how the negative charge in a carboxylate ion can be delocalized 
over two oxygen atoms by resonance. However, the electronegativity of these oxygen atoms 
further helps to stabilize the charge, by what is called an inductive electron-withdrawing 
effect. A carboxylate ion has two oxygen atoms whose combined electronegativity stabi- 
lizes the charge more than in an alkoxide ion, which has only a single electronegative oxy- 
gen atom. In turn, this lowers the energy barrier to forming the carboxylate ion, making a 
carboxylic acid a stronger acid than an alcohol. This effect is evident in electrostatic potential Ethoxide anion 
maps depicting approximating the bonding electron density for the two anions (Fig. 3.9). Figure 3.9 Calculated 
Negative charge in the acetate anion is evenly distributed over the two oxygen atoms, electrostatic potential maps at 
whereas in ethoxide the negative charge is localized on its sole oxygen atom (as indicated — 2 SU"face approximating the 
by red in the electrostatic potential map). pening electron Fd : 
for acetate anion and ethoxide 

It is also reasonable to expect that a carboxylic acid would be a stronger acid than an — anion. Although both molecules 
alcohol when considering each as a neutral molecule (i.e., prior to loss of a proton), because carry the same -1 net charge, 
both functional groups have a highly polarized O—H bond, which in turn weakens the bond acetate stabilizes the charge 
to the hydrogen atom. However, the significant electron-withdrawing effect of the carbonyl Petter by dispersing it over both 
group in acetic acid and the absence of an adjacent electron-withdrawing group in ethanol co goms: 
make the carboxylic acid hydrogen much more acidic than the alcohol hydrogen. 


O 
Ah 
„о x 
CH, O-—H CH,—CH,—O-<H 
Acetic acid Ethanol 
(stronger acid) (weaker acid) 


Electrostatic potential maps at approximately the bond density surface for acetic acid and 
ethanol (Fig. 3.10) clearly show the positive charge at the carbonyl carbon of acetic acid, 
as compared to the CHo carbon of ethanol. 


Figure 3.10 Maps of electrostatic potential 
at approximately the bond density surface 
for acetic acid and ethanol. The positive 
charge at the carbonyl carbon of acetic 

acid is evident in the blue color of the 
electrostatic potential map at that position, 
as compared to the hydroxyl carbon of 
ethanol. The inductive electron-withdrawing 
effect of the carbonyl group in carboxylic 
acids contributes to the acidity of this 


Acetic acid Ethanol functional group. 
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3.11€ Summary and a Comparison of Conjugate 
Acid-Base Strengths 


3 In summary, the greater acidity of a carboxylic acid is predominantly due to the ability of 
Нару ш Hint its conjugate base (a carboxylate ion) to stabilize a negative charge better than an alkoxide 
The more stable a conjugate ion, the conjugate base of an alcohol. In other words, the conjugate base of a carboxylic 
аа ha acid is a weaker base than the conjugate base of an alcohol. Therefore, since there is an 
inverse strength relationship between an acid and its conjugate base, a carboxylic acid is a 

stronger acid than an alcohol. 


Review Problem 3.13 Draw contributing resonance structures and a hybrid resonance structure that explain two 
related facts: The carbon—oxygen bond distances in the acetate ion are the same, and the 


oxygens of the acetate ion bear equal negative charges. 
3.11D Inductive Effects of Other Groups 
The acid-strengthening effect of other electron-attracting groups (other than the carbonyl 
group) can be shown by comparing the acidities of acetic acid and chloroacetic acid: 
i i 
Cl 


C C 
< хц 
Acetate anion CH; “^он CH; "o« H 
pK, = 4.75 pK, — 2.86 
This is an example of a substituent effect. The greater acidity of chloroacetic acid can be 
attributed, in part, to the extra electron-attracting inductive effect of the electronegative chlo- 
rine atom. By adding its inductive effect to that of the carbonyl group and the oxygen, it 
makes the hydroxyl proton of chloroacetic acid even more positive than that of acetic acid. 
It also stabilizes the chloroacetate ion that is formed when the proton is lost by dispersing 
its negative charge (Fig. 3.11): 
i R 
Chloroacetate anion o ps UE H “С! = p 
CH; O + HO <= CH, О" + НО" 


Figure 3.11 The electrostatic 


potential maps for acetate and Dispersal of charge always makes a species more stable, and, as we have seen now in sev- 
chloroacetate ions show the : n А s 

А 2 eral instances, any factor that stabilizes the conjugate base of an acid increases the 
relatively greater ability of А : . 
chloroacetate to disperse the strength of the acid. (In Section 3.12, we shall see that entropy changes in the solvent are 
negative charge. also important in explaining the increased acidity of chloroacetic acid.) 


Solved Problem 3.5 


Which compound in each pair would be most acidic? 


О 
(а) о“ ог T (b) en or Aa 
F 


STRATEGY AND ANSWER Decide what is similar in each pair and what is different. In pair (a), the difference is 
the halogen substituent on carbon 2. In the first example it is fluorine; in the second it is bromine. Fluorine is much 
more electronegative (electron-attracting) than bromine (Table 1.2); therefore it will be able to disperse the nega- 
tive charge of the anion formed when the proton is lost. Thus the first compound will be the stronger acid. In pair 
(b), the difference is the position of the fluorine substituents. In the second compound the fluorine is closer to the 
carboxyl group where it will be better able to disperse the negative charge in the anion formed when the proton is 
lost. The second compound will be the stronger acid. 
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Which would you expect to be the stronger acid? Explain your reasoning in each instance. Review Problem 3.14 
(а) СН2СІСОН or СНСБСОЉН (е) СЊЕСОЉН or CH2BrCOoH 
(b) ССІзСОН or CHClpCO2H (d) CH2FCOsH or СЊЕСНСОН 


3.12 The Effect of the Solvent on Acidity 


In the absence of a solvent (i.e., in the gas phase), most acids are far weaker than they are 
in solution. In the gas phase, for example, acetic acid is estimated to have a pK, of about 
130 (a K, of — 1079) The reason is this: When ап acetic acid molecule donates a proton 
to a water molecule in the gas phase, the ions that are formed are oppositely charged particles 
and the particles must become separated: 


+ HO = E + но 


In the absence of a solvent, separation is difficult. In solution, solvent molecules surround 
the ions, insulating them from one another, stabilizing them, and making it far easier to 
separate them than in the gas phase. 

In a solvent such as water, called a protic solvent, solvation by hydrogen bonding is 
important (Section 2.13D). 


9 A protic solvent is one that has a hydrogen atom attached to a strongly electroneg- 
ative element such as oxygen or nitrogen. 


Molecules of a protic solvent, therefore, can form hydrogen bonds to the unshared elec- 
tron pairs of oxygen (or nitrogen) atoms of an acid and its conjugate base, but they may 
not stabilize both equally. 

Consider, for example, the ionization of acetic acid in aqueous solution. Water molecules 
solvate both the undissociated acid (CH3CO5H) and its anion (CH3CO» ) by forming hydro- 
gen bonds to them (as shown for hydroxide in Section 3.2B). However, hydrogen bonding to 
CHsaCO» is much stronger than to CH3CO>H because the water molecules are more attracted 
by the negative charge. This differential solvation, moreover, has important consequences for 
the entropy change that accompanies the ionization. Solvation of any species decreases the 
entropy of the solvent because the solvent molecules become much more ordered as they 
surround molecules of the solute. Because solvation of CHa3CO» is stronger, the solvent 
molecules become more orderly around it. The entropy change (AS?) for the ionization of acetic 
acid, therefore, is negative. This means that the T AS? term in the equation AG? = AH? — 
T AS? makes an acid-weakening positive contribution to АС. In fact, as Table 3.2 shows, 
the T AS? term contributes more to the value of AG? than does АН“, and accounts for the fact 
that the free-energy change for the ionization of acetic acid is positive (unfavorable). 

We saw in Section 3.11D that chloroacetic acid is a stronger acid than acetic acid, and we 
attributed this increased acidity to the presence of the electron-withdrawing chlorine atom. 
Table 3.2 shows us that both AH? and T AS? are more favorable for the ionization of 
chloroacetic acid (AH? is more negative by 4.2 kJ то!“ !, and T AS? is less negative by 7 kJ 
mol !). The larger contribution is clearly in the entropy term. Apparently, by stabilizing the 
chloroacetate anion, the chlorine atom makes the chloroacetate ion less prone to cause an 
ordering of the solvent because it requires less stabilization through solvation. 


Thermodynamic Values for the Dissociation of Acetic 
and Chloroacetic Acids in H2O at 25°C 


Acid pK, AG? (kJ то!) = AH?(kJmol !') — TAS? (kJ тог!) 
CH3CO2H 4.75 +27 -0.4 —28 
CICH2CO2H 2.86 +16 —4.6 -21 


Reprinted with permission of John Wiley & Sons, Inc. from March, J., Advanced Organic Chemistry, 
Fourth Edition, p. 272. Copyright 1992. 
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3.13 Organic Compounds as Bases 


Helpful Hint 


Proton transfers are a 
common first step in many 
reactions we shall study. 


If an organic compound contains an atom with an unshared electron pair, it is a potential 
base. We saw in Section 3.6C that compounds with an unshared electron pair on a nitro- 
gen atom (i.e., amines) act as bases. Let us now consider several examples in which organic 
compounds having an unshared electron pair on an oxygen atom act in the same way. 

Dissolving gaseous HCI in methanol brings about an acid-base reaction much like the 
one that occurs with water (Section 3.2A): 


HOC-Ó + HEH — Hom =H + сео 
H H 
Methanol Methyloxonium ion 


(a protonated alcohol) 


The conjugate acid of the alcohol is often called a protonated alcohol, although more 
formally it is called an alkyloxonium ion or simply an oxonium ion. 

Alcohols, in general, undergo this same reaction when they are treated with solutions 
of strong acids such as НСІ, HBr, НІ, and Н2504: 


R 67 н-д > R v Н + :А- 
H H 
Alcohol Strong Alkyloxoniumion Weak 
acid base 
So, too, do ethers: 
vs p N 2s 
сен + WHA = Не ти + A 
R R 
Ether Strong Dialkyloxonium Weak 
acid ion base 


Compounds containing a carbonyl group also act as bases in the presence of a strong acid: 


H 
D PE 
TN V 
Сҹ 
+ H-A == C + :А- 
R^ ^R R^ ^R 
Ketone Strong Protonated Weak 
acid ketone base 


Proton transfer reactions like these are often the first step in many reactions that 
alcohols, ethers, aldehydes, ketones, esters, amides, and carboxylic acids undergo. The 
pK, values for some of these protonated intermediates are given in Table 3.1. 

An atom with an unshared electron pair is not the only locus that confers basicity on an 
organic compound. The 7 bond of an alkene can have the same effect. Later we shall study 
many reactions in which, as a first step, alkenes react with a strong acid by accepting a 
proton in the following way: 


The т bond breaks 
This bond breaks This bond is formed 


X4d Sn == у-н + :А- 


Alkene Strong Carbocation Weak 
acid base 


3.14 A Mechanism for an Organic Reaction 


In this reaction the electron pair of the 77 bond of the alkene is used to form a bond between 
one carbon of the alkene and the proton donated by the strong acid. Notice that two bonds 
are broken in this process: the т bond of the double bond and the bond between the proton 
of the acid and its conjugate base. One new bond is formed: a bond between a carbon of the 
alkene and the proton. This process leaves the other carbon of the alkene trivalent, electron 
deficient, and with a formal positive charge. A compound containing a carbon of this type is 
called a carbocation (Section 3.4). As we shall see in later chapters, carbocations are unsta- 
ble intermediates that react further to produce stable molecules. 


It is a general rule that any organic compound containing oxygen, nitrogen, or a multiple 
bond will dissolve in concentrated sulfuric acid. Explain the basis of this rule in terms of 
acid-base reactions and intermolecular forces. 


In Chapter 6 we shall begin our study of organic reaction mechanisms in earnest. Let us 
consider now one mechanism as an example, one that allows us to apply some of the chem- 
istry we have learned in this chapter and one that, at the same time, will reinforce what we 
have learned about how curved arrows are used to illustrate mechanisms. 

Dissolving tert-butyl alcohol in concentrated (concd) aqueous hydrochloric acid soon 
results in the formation of tert-butyl chloride. The reaction is a substitution reaction: 


is s 
H.C | он + H "s H+:Cli ug? HC | Cl + 20 
CH, H CH, 
и 


tert -Butylalcohol tert -Butyl chloride 
(soluble in H,O) Concd HCI (insoluble in Н,О) 


That a reaction has taken place is obvious when one actually does the experiment. 
tert-Butyl alcohol is soluble in the aqueous medium; however, tert-butyl chloride is not, and 
consequently it separates from the aqueous phase as another layer in the flask. It is easy to 
remove this nonaqueous layer, purify it by distillation, and thus obtain the tert-butyl chloride. 

Considerable evidence, described later, indicates that the reaction occurs in the 
following way. 


A MECHANISM FOR THE REACTION 
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Review Problem 3.15 


3.14 A Mechanism for an Organic Reaction 


Reaction of tert-Butyl Alcohol with Concentrated Aqueous HCl 


Step 1 CH, CH, H 
| La Сад | P = 
CIE ur а = ios ово + :O—H 
CH, H CH, H 
tert-Butyloxonium ion 
tert-Butyl alcohol acts as a base The products are a protonated alcohol 
and accepts a proton from the and water (the conjugate acid and base). 


hydronium ion. (Chloride 
anions are spectators in this 
step of the reaction.) 


(continues on the next page) 
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Step 2 


Step 3 
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CH, H CH, H 
ME 7 | 
а = нс; + :O—H 

CH, CH; 


Carbocation 


The bond between the carbon and oxygen of the 
tert-butyloxonium ion breaks heterolytically, leading to the 
formation of a carbocation and a molecule of water. 


pe 0% 
но + с њо—6—@ 
CH, CH; 


tert-Butyl chloride 


The carbocation, acting as a Lewis acid, accepts an 
electron pair from a chloride ion to become the product. 


Notice that all of these steps involve acid-base reactions. Step | is a straightforward 
Brgnsted acid-base reaction in which the alcohol oxygen removes a proton from the hydro- 
nium ion. Step 2 is the reverse of a Lewis acid-base reaction. In it, the carbon-oxygen bond 
of the protonated alcohol breaks heterolytically as a water molecule departs with the elec- 
trons of the bond. This happens, in part, because the alcohol is protonated. The presence 
of a formal positive charge on the oxygen of the protonated alcohol weakens the car- 
bon-oxygen bond by drawing the electrons in the direction of the positive oxygen. Step 3 
is a Lewis acid—base reaction, in which a chloride anion (a Lewis base) reacts with the car- 
bocation (a Lewis acid) to form the product. 


A question might arise: Why doesn't a molecule of water (also a Lewis base) 
instead of a chloride ion react with the carbocation? After all, there are many water 
molecules around, since water is the solvent. The answer is that this step does 
occur sometimes, but it is simply the reverse of step 2. That is to say, not all of the 
carbocations that form go on directly to become product. Some react with water to 
become protonated alcohols again. However, these will dissociate again to become 
carbocations (even if, before they do, they lose a proton to become the alcohol 
again). Eventually, however, most of them are converted to the product because, 
under the conditions of the reaction, the equilibrium of the last step lies far to the 
right, and the product separates from the reaction mixture as a second phase. 


3.15 Acids and Bases in Nonaqueous Solutions 


If you were to add sodium amide (NaNH?) to water in an attempt to carry out a reaction 
using the amide ion (МН ) as a very powerful base, the following reaction would take place 
immediately: 


m i V NS en TN Е 
H—Ó2H^ + “Анг —  H—Ó:r + йн, 
Ѕігопдег Ѕігопдег Weaker Weaker 
acid base base acid 
pK, = 15.7 pK, = 38 


The amide ion would react with water to produce a solution containing hydroxide ion (a much 
weaker base) and ammonia. This example illustrates what is called the leveling effect of the 
solvent. Water, the solvent here, donates a proton to any base stronger than a hydroxide ion. 
Therefore, it is not possible to use a base stronger than hydroxide ion in aqueous solution. 
We can use bases stronger than hydroxide ion, however, if we choose solvents that are 
weaker acids than water. We can use amide ion (e.g., from NaNHs) in a solvent such as 


3.15 Acids and Bases in Nonaqueous Solutions 


hexane, diethyl ether, or liquid NHs (the liquified gas, bp —33?C, not the aqueous solution 
that you may have used in your general chemistry laboratory). All of these solvents are very 
weak acids (we generally don't think of them as acids), and therefore they will not donate 
a proton even to the strong base NH» . 

We can, for example, convert ethyne to its conjugate base, a carbanion, by treating it 
with sodium amide in liquid ammonia: 


нс un NH,- Mud? НСС: + мн, 
Stronger acid Stronger NH; Weaker Weaker 

pK, = 25 base base acid 
(from NaNH,) pK, = 38 


Most terminal alkynes (alkynes with a proton attached to a triply bonded carbon) have 
pK, values of about 25; therefore, all react with sodium amide in liquid ammonia in the 
same way that ethyne does. The general reaction is 


псн + ан, пи 9—00 + NH, 
Stronger acid Stronger NH, Weaker Weaker 
рК, = 25 base base acid 


pK, = 38 


Alcohols are often used as solvents for organic reactions because, being somewhat less polar 
than water, they dissolve less polar organic compounds. Using alcohols as solvents also offers 
the advantage of using RO ions (called alkoxide ions) as bases. Alkoxide ions are somewhat 
stronger bases than hydroxide ions because alcohols are weaker acids than water. For example, 
we can create a solution of sodium ethoxide (CH3CH2ONa) in ethyl alcohol by adding sodium 
hydride (NaH) to ethyl alcohol. We use a large excess of ethyl alcohol because we want it to 
be the solvent. Being a very strong base, the hydride ion reacts readily with ethyl alcohol: 


CHCHOZH + SH LL OHOH + H 


ethyl alcohol 
Strongeracid Stronger Weaker Weaker 
pK, = 16 base base acid 
(from NaH) pK, = 35 


The fert-butoxide ion, (СНа)4 СО“, in tert-butyl alcohol, (CH3)3COH, is a stronger base 
than the ethoxide ion in ethyl alcohol, and it can be prepared in a similar way: 


m e E m 
(CH,),COZH + NH- mew (€HACÓ- + OH, 
Stronger acid Stronger alcohol Weaker Weaker 
pK, = 18 base base acid 
(from NaH) pK, = 35 


Although the carbon-lithium bond of an alkyllithium (RLi) has covalent character, it is 
polarized so as to make the carbon negative: 


ô- 5+ 
R——Li 

Аку ит reagents react as though they contain alkanide (РА: ) ions and, being the con- 

jugate bases of alkanes, alkanide ions are the strongest bases that we shall encounter. 


Ethyllithium (CH3CHoLi), for example, acts as though it contains an ethanide (CH3CH»o: ) 
carbanion. It reacts with ethyne in the following way: 


H—Ccec2u" + “CH,CH, =» H—C=C: +  CHCH, 


hexane 
Stronger acid Stronger Weaker Weaker 
pK, = 25 base base acid 
(from CH,CH,Li) pK, = 50 


Alkyllithiums can be easily prepared by allowing an alkyl bromide to react with lithium 
metal in an ether solvent (such as diethyl ether). See Section 12.6. 
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Helpful Hint 


We shall use this reaction as part 
of our introduction to organic 
synthesis in Chapter 7. 


130 Chapter 3 An Introduction to Organic Reactions and Their Mechanisms 


Review Problem 3.16 Write equations for the acid-base reaction that would occur when each of the following 
compounds or solutions are mixed. In each case label the stronger acid and stronger base, 
and the weaker acid and weaker base, by using the appropriate pK, values (Table 3.1). (If no 
appreciable acid—base reaction would occur, you should indicate this.) 


(a) NaH is added to CH3OH. (d) NH4CI is added to sodium amide in 
(b) NaNH; is added to СНАСЊОН. liquid ammonia. 
(c) Gaseous NH3 is added to ethyllithium (©) (СНз)зСОМа is added to H20. 

in hexane. (f) NaOH is added to (CH3)3COH. 


3.16 Acid-Base Reactions and the Synthesis of Deuterium- 
and Tritium-Labeled Compounds 


Chemists often use compounds in which deuterium or tritium atoms have replaced one or 
more hydrogen atoms of the compound as a method of “labeling” or identifying particular 
hydrogen atoms. Deuterium (7H) and tritium (H) are isotopes of hydrogen with masses of 
2 and 3 atomic mass units (amu), respectively. 

One way to introduce a deuterium or tritium atom into a specific location in a molecule 
is through the acid—base reaction that takes place when a very strong base is treated with 
D5O or Т20 (water that has deuterium or tritium in place of its hydrogens). For example, 
treating a solution containing (CH3)eCHLi (isopropyllithium) with 020 results in the for- 
mation of propane labeled with deuterium at the central atom: 


i m 
h 
CH,CH:-Lit + DO 2% CH,CH-D + OD- 
Isopropyl- 2-Deuterio- 
lithium propane 
(stronger (stronger (weaker (weaker 
base) acid) acid) base) 


Solved Problem 3.6 


Assuming you have available propyne, a solution of sodium amide in liquid ammonia, and T2O, show how you 
would prepare the tritium-labeled compound CH3C==CT. 


ANSWER First add propyne to sodium amide in liquid ammonia. The following acid-base reaction will take place: 


CH,C=CH + NH;  ———9 CH,C=C:- + NH 


liq. ammonia 


Stronger Stronger Weaker Weaker 
acid base base acid 


Then adding T2O (a much stronger acid than NH3) to the solution will produce CH3C = CT: 


CCH + TO = Ser + Or 


liq. ammonia 
Stronger Stronger Weaker Weaker 
base acid acid base 
Review Problem 3.17 Complete the following acid-base reactions: 

(a) HC=CH + NaH > (d) CH;CH,OH + NaH ——> 
hexane hexane 

(b) The solution obtained (e) The solution obtained 

in (a) + 050 ——> in (d) + T,0 э 


(c) СЊСЊЦ te D;O = (f) CHsSCH;CH&Li + D;O > 


hexane hexane 
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3.17 Applications of Basic Principles 


Again we review how certain basic principles apply to topics we have studied in this 
chapter. 


Electronegativity Differences Polarize Bonds In Section 3.1A we learned that 
heterolysis of a covalent bond is aided when the bond is polarized by a difference in 
electronegativity of the bonded atoms. We saw how this principle applies to the heterolysis of 
bonds to carbon in Section 3.4 and in explaining the strength of acids in Sections 3.8 and 3.11B. 


Polarized Bonds Underlie Inductive Effects In Section 3.11B we saw how polarized 
bonds explain effects that we call inductive effects and how these effects are part of the 
explanation for why carboxylic acids are more acidic than corresponding alcohols. 


Opposite Charges Attract This principle is fundamental to understanding Lewis 
acid—base theory as we saw in Section 3.3A. Positively charged centers in molecules that 
are electron pair acceptors are attracted to negatively charged centers in electron pair donors. 
In Section 3.4 we saw this principle again in the reaction of carbocations (positively charged 
Lewis acids) with anions (which are negatively charged by definition) and other Lewis bases. 


Nature Prefers States of Lower Potential Energy In Section 3.9A we saw how 
this principle explains the energy changes—called enthalpy changes—that take place 
when covalent bonds form, and in Section 3.10 we saw the role enthalpy changes play 
in explaining how large or how small the equilibrium constant for a reaction is. The 
lower the potential energy of the products, the larger is the equilibrium constant, and the 
more favored is the formation of the products when equilibrium is reached. This section also 
introduced a related principle: Nature prefers disorder to order—or, to put it another way, 
a positive entropy change for a reaction favors the formation of the products at equilibrium. 


Resonance Effects Can Stabilize Molecules and lons When a molecule or ion can 
be represented by two or more equivalent resonance structures, then the molecule or ion 
will be stabilized (will have its potential energy lowered) by delocalization of charge. In 
Section 3.11A we saw how this effect helps explain the greater acidity of carboxylic acids 
when compared to corresponding alcohols. 


In This Chapter 


In Chapter 3 you studied acid-base chemistry, one of the most important topics needed to 
learn organic chemistry. If you master acid-base chemistry you will be able to understand 
most of the reactions that you study in organic chemistry, and by understanding how reac- 
tions work, you will be able to learn and remember them more easily. 

You have reviewed the Brensted-Lowry definition of acids and bases and the meanings of 
pH and pK,. You have learned to identify the most acidic hydrogen atoms in a molecule based 
on a comparison of pK, values. You will see in many cases that Brénsted—Lowry acid-base 
reactions either initiate or complete an organic reaction, or prepare an organic molecule for 
further reaction. The Lewis definition of acids and bases may have been new to you. However, 
you will see over and over again that Lewis acid-base reactions which involve either the dona- 
tion of an electron pair to form a new covalent bond or the departure of an electron pair to 
break a covalent bond are central steps in many organic reactions. The vast majority of organic 
reactions you will study are either Brgnsted—Lowry or Lewis acid-base reactions. 

Your knowledge of organic structure and polarity from Chapters 1 and 2 has been crucial 
to your understanding of acid-base reactions. You have seen that stabilization of charge 
by delocalization is key to determining how readily an acid will give up a proton, or how read- 
ily a base will accept a proton. In addition, you have learned the essential skill of drawing 
curved arrows to accurately show the movement of electrons in these processes. With these 
concepts and skills you will be prepared to understand how organic reactions occur on a step- 
by-step basis—something organic chemists call “a mechanism for the reaction.” 
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So, continue to work hard to master acid-base chemistry and other fundamentals. Your tool- 
box is quickly filling with the tools you need for overall success in organic chemistry! 


Key Terms and Concepts 


(те The key terms and concepts that are highlighted in bold, blue text within the chapter аге 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 


accompanying WileyPLUS course (www.wileyplus.com). 


Problems 


PEUS Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an 


| \ 3.18 
3.19 
3.20 
3.21 
3.22 
» < 
" | 


3.23 


3.24 


online teaching and learning solution. 


BRØNSTED-LOWRY ACIDS AND BASES 
What is the conjugate base of each of the following acids? 
(a) NH3 (b) НО (c) H2 (d) HC=CH (e) CH30H (f) H30* 
List the bases you gave as answers to Exercise 3.18 in order of decreasing basicity. 


What is the conjugate acid of each of the following bases? 
(a) HSO4- (b) НО (c) CH3NH2 (d) МН (e) CH3CH2 ^ (f) СНСОО» 


List the acids you gave as answers to Exercise 3.20 in order of decreasing acidity. 


LEWIS ACIDS AND BASES 


Designate the Lewis acid and Lewis base in each of the following reactions: 


CI 
(a) CH,CH,—Cl + AICI, —» CH,CH,—CI*-AIK-¢I 
о 
| fh 1 
(b) CH,—OH + BF, —> CH,—O*B—F (c) CH,—C* +H,O — >» CH,—C—OH,* 
it on, iB 
CURVED-ARROW NOTATION 
Rewrite each of the following reactions using curved arrows and show all nonbonding electron pairs: 
(a) CHOH + HI — CHOH” + 17 (c) H H H | 
(b) СН4МН + НСІ — СНзМ№Нз + CI pd + HF — 0-0-9 + F- 
H H H H 


Follow the curved arrows and write the products. 


(a) pa = © Xo. Dm 


b) x + Bn > d H 
b) до 3 (D Nog" CHsCH;CH;CHZ--Li 


3.25 


3.26 


3.27 
3.28 
3.29 


3.30 


3.31 


3.32 


3.33 


3.34 


3.35 
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Problems 


Write an equation, using the curved-arrow notation, for the acid—base reaction that will take place when each of 
the following are mixed. If no appreciable acid—base reaction takes place, because the equilibrium is unfavorable, 
you should so indicate. 


(a) Aqueous NaOH and CH43CH5CO5H (d) CH3CH»Li in hexane and ethyne 
(b) Aqueous NaOH and CgH5SO3H (e) СНЗСН2 in hexane and ethyl alcohol 
(c) CH3CH2ONa in ethyl alcohol and ethyne 


ACID-BASE STRENGTH AND EQUILIBRIA 
When methyl alcohol is treated with NaH, the product is СНЗО Ма" (and Ho) and not Ма“ ^CH2OH (and Hj). 
Explain why this is so. 
What reaction will take place if ethyl alcohol is added to a solution of НС==С: Ма? in liquid ammonia? 
(a) The K, of formic acid (НСОН) is 1.77 X 10 ^. What is the pKa? (b) What is the K, of an acid whose pK, = 13? 
Acid HA has pK, = 20; acid HB has pK, = 10. 
(a) Which is the stronger acid? 
(b) Will an acid-base reaction with an equilibrium lying to the right take place if Ма"А“ is added to HB? Explain 
your answer. 
Starting with appropriate unlabeled organic compounds, show syntheses of each of the following: 


(a) C,H —C=C—T (b) ое (c) CH,CH,CH,OD 
CH, 


(a) Arrange the following compounds in order of decreasing acidity and explain your answer: СНАСНМН2, 
CH3CH2OH, and CH3CH2CH3. (b) Arrange the conjugate bases of the acids given in part (a) in order of increas- 
ing basicity and explain your answer. 


Arrange the following compounds in order of decreasing acidity: 

(a) CH3CH=CHs, CH3CH2CH3, CH3C==CH (b) CH3CH2CH2OH, CH3CH2CO2H, CH3CHCICO2H 
(c) СНАСЊОН, CH3CH2OH2*, СНаОСНз 

Arrange the following in order of increasing basicity: 

(a) CHaNH2, CH3NH3*, CH3NH~ (b) CH30°, CH3NH , CH3CH2- 

(c) Снасн==сн“, CH3CH2CH2 , CH3C==C™ 


GENERAL PROBLEMS 


Whereas НзРОд is a triprotic acid, НзРОз is a diprotic acid. Draw structures for these two acids that account for 
this difference in behavior. 


Supply the curved arrows necessary for the following reactions: 


(a) + 30—H — . + H—Ó 
О Н 
0 О: 
(b 2С + :0—H — H—C—O—H 
н< >ö CH, bf Eri 
:0— CH, 
? q 
() H—C—O—H — Os s + :0—CH 
= H^ ~б—н = 3 


:0— СН; 
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(d H—Ö: + CH,—l —» H—O—CH, + Å 


(е) H—Ó: + H—CH,—C—Cl: —> C + "Са: + H—Ó—H 
2 | не“ CH, :. = 
CH, 


3.36 Glycine is an amino acid that can be obtained from most proteins. In solution, glycine exists in equilibrium between 
| two forms: " 
" H,NCH,CO,H === H4NCH;CO; 
“ (а) Consult Table 3.1 and state which form is favored at equilibrium. 
E (b) A handbook gives the melting point of glycine as 262?C (with decomposition). Which of the structures given 
| | above best represents glycine? 


3.37 . Malonic acid, НОССЊСОН, is a diprotic acid. The pK, for the loss of the first proton is 2.83; the pK, for the 
| loss of the second proton is 5.69. (а) Explain why malonic acid is a stronger acid than acetic acid (pK, = 4.75). 
У, (b) Explain why the anion,  ОССЊСОН, is so much less acidic than malonic acid itself. 


3.38 The free-energy change, AG”, for the ionization of acid HA is 21 kJ тој“ !; for acid HB itis —21 kJ тој“ !. Which 
is the stronger acid? 


3.39 Аг25°С the enthalpy change, АН”, for the ionization of trichloroacetic acid is +6.3 kJ то!“ ! and the entropy change, 
459, is +0.0084 kJ тој“ ! K~!. What is the pK, of trichloroacetic acid? 


3.40 The compound at right has (for obvious reasons) been given the trivial name squaric acid. Squaric О OH 
acid is a diprotic acid, with both protons being more acidic than acetic acid. In the dianion obtained | | 


after the loss of both protons, all of the carbon-carbon bonds аге the same length as well as all of 
the carbon-oxygen bonds. Provide a resonance explanation for these observations. O OH 
Squaric acid 


Challenge Problems 


3.41 CH3CH2SH + CH30° —— A (contains sulfur) + B 


A + ahs ehh — C (which has the partial structure A— CH,CH,O) 
O 
C + ЊО — D + Е (which is inorganic) 


(a) Given the above sequence of reactions, draw structures for A through E. 


(b) Rewrite the reaction sequence, showing all nonbonding electron pairs and using curved arrows to show electron 
= pair movements. 


3.42 First, complete and balance each of the equations below. Then, choosing among ethanol, hexane, and liquid ammo- 
nia, state which (there may be more than one) might be suitable solvents for each of these reactions. Disregard the 
practical limitations that come from consideration of “like dissolves like” and base your answers only on relative 
acidities. 

(a) CH3(CHs)gOD + CH3(CHs)gLi —— (c) HCl + Oa — 
(b) NaNHo. + CH3C=CH — 
(The conjugate acid of this amine, aniline, has a pK, of 4.63.) 

3.43 Dimethylformamide (DMF), HCON(CH3)ps, is an example of a polar aprotic solvent, aprotic meaning it has no hydro- 

gen atoms attached to highly electronegative atoms. 

(a) Draw its dash-type structural formula, showing unshared electron pairs. 

(b) Draw what you predict to be its most important resonance forms [one is your answer to part (a)]. 

(c) DMF, when used as the reaction solvent, greatly enhances the reactivity of nucleophiles (e.g., CN ^ from sodium 
cyanide) in reactions like this: 


NaCN + CH,CH,Br —9 CH;CH,C=N + NaBr 
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Learning Group Problems 


Suggest an explanation for this effect of DMF on the basis of Lewis acid—base considerations. (Hint: Although 
water or an alcohol solvates both cations and anions, DMF is only effective in solvating cations.) 
3.44 As noted in Table 3.1, the pK, of acetone, CH3COCH;, is 19.2. 
(a) Draw the bond-line formula of acetone and of any other contributing resonance form. 
(b) Predict and draw the structure of the conjugate base of acetone and of any other contributing resonance form. 
(c) Write an equation for a reaction that could be used to synthesize CH3COCH?D. 
3.45 Ғогтатійе (НСОМН2) has a pK, of approximately 25. Predict, based on the map of 
electrostatic potential for formamide shown here, which hydrogen atom(s) has this 


pK, value. Support your conclusion with arguments having to do with the electronic 
structure of formamide. 


Learning Group Problems 


Suppose you carried out the following synthesis of 3-methylbutyl ethanoate (isoamyl acetate): 


о "P 0 T" 
H,SO, (trace) 
P + HO pe ao + HO 


Ethanoic acid 3-Methyl-1- 3-Methylbutyl ethanoate 
(excess) butanol 


As the chemical equation shows, 3-methyl-1-butanol (also called isoamyl alcohol or isopentyl alcohol) was mixed with 
an excess of acetic acid (ethanoic acid by its systematic name) and a trace of sulfuric acid (which serves as a catalyst). This 
reaction is an equilibrium reaction, so it is expected that not all of the starting materials will be consumed. The equilibrium 
should lie quite far to the right due to the excess of acetic acid used, but not completely. 

After an appropriate length of time, isolation of the desired product from the reaction mixture was begun by adding 
a volume of 5% aqueous sodium bicarbonate (NaHCO; has an effective pK, of 7) roughly equal to the volume of the 
reaction mixture. Bubbling occurred and a mixture consisting of two layers resulted—a basic aqueous layer and an organic 
layer. The layers were separated and the aqueous layer was removed. The addition of aqueous sodium bicarbonate to the 
layer of organic materials and separation of the layers were repeated twice. Each time the predominantly aqueous layers 
were removed, they were combined in the same collection flask. The organic layer that remained after the three bicar- 
bonate extractions was dried and then subjected to distillation in order to obtain a pure sample of 3-methylbutyl ethanoate 
(isoamyl acetate). 


1. List all the chemical species likely to be present at the end of the reaction but before adding aqueous NaHCO3. 
Note that the HoSO, was not consumed (since it is a catalyst), and is thus still available to donate a proton to atoms 
that can be protonated. 

2. Use a table of pK, values, such as Table 3.1, to estimate pK, values for any potentially acidic hydrogens in each 
of the species you listed in part 1 (or for the conjugate acid). 

3. Write chemical equations for all the acid—base reactions you would predict to occur (based on the pK, values you 
used) when the species you listed above encounter the aqueous sodium bicarbonate solution. (Hint: Consider whether 
each species might be an acid that could react with NaHCO3.) 


4. (a) Explain, on the basis of polarities and solubility, why separate layers formed when aqueous sodium bicarbon- 
ate was added to the reaction mixture. (Hint: Most sodium salts of organic acids are soluble in water, as are 
neutral oxygen-containing organic compounds of four carbons or less.) 

(b) List the chemical species likely to be present after the reaction with NaHCO in (1) the organic layer and (ii) 
the aqueous layer. 
(c) Why was the aqueous sodium bicarbonate extraction step repeated three times? 
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CONCEPT MAP 


| Curved-arrow notation | 
(Section 3.5) 


lis used 10 sl 


| Reaction mechanisms 
(Section 3.1) 


often involve 


Lewis bases Bronsted-Lowry bases 
area (Section 3.3) area (Section 3.2A) 

subcategory subcategory 
of of 


Proton 
acceptors 


contain/have contain/have 


Large and positive pK, 
values and small K, values 
(Section 3.6) 


Nucleophiles 
(Section 3.4A) 


are associated with are associated with 


Carbanions Strong bases 


Weak conjugate acids 


With respect to the conjugate base 


An inductive electron-withdrawing 
group or electronegative atom 


Resonance 


leads to 


| Charge delocalization | 


leads to 


DECREASED BASICITY 
(Section 3.8) 


For the atom bearing a potentially acidic hydrogen 


al character in carbon hydridization 
leads to І leads to 


5 n within a group (column) of the 
able (bond strength effect) 


to the right within a given row of 
able (electronegativity effect) 


Conformations of Alkanes 
and Cycloalkanes 


Power stroke in muscle 


A portion of the structure of 
diamond, an exceptionally 
rigid molecule 


When your muscles contract to do work, like the person shown exercising above, it is largely because many 
carbon-carbon sigma (single) bonds are undergoing rotation (conformational changes) in a muscle protein called 
myosin. But when a diamond-tipped blade cuts, as shown above, the carbon-carbon single bonds comprising 
the diamond resist all the forces brought to bear on them, such that the material yields to the diamond. This 
remarkable contrast in properties, from the flexibility of muscles to the rigidity of diamond, depends on many 
things, but central to them is whether or not rotation is possible around carbon-carbon bonds. In this chapter 
we shall consider such bond rotations. 

We learned in Chapter 2 that our study of organic chemistry can be organized 


around functional groups. Now we consider the hydrocarbon framework to which 
functional groups are attached—the framework that consists of only carbon and 
hydrogen atoms. From the standpoint of an architect, hydrocarbon frameworks 
present a dream of limitless possibilities, which is part of what makes organic 
chemistry such a fascinating discipline. Buckminsterfullerene, named after the 
visionary architect Buckminster Fuller, is just one example of a hydrocarbon with 
intriguing molecular architecture. 


Buckminsterfullerene 
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Cream 
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Polyethylene is a hydrocarbon 
macromolecule that is inert to 
most chemicals we use in day- 
to-day life. 
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Even though there are vast possibilities for the structures of organic molecules, 
fortunately there is a well-defined system for naming carbon molecules. We study 
the essentials of this system here in Chapter 4, and then build on it as we study 
the chemistry of functional groups in later chapters. 

When chemists talk about structure in organic chemistry, they mean not only 
the connectivity of the atoms, but also the shapes that molecules can adopt due 
to rotations of groups joined by single bonds. The examination of these proper- 
ties is called conformational analysis, which we also discuss in this chapter as we 
consider the carbon framework of organic molecules. 

We also consider the properties and reactivity of hydrocarbons. Under ambi- 
ent conditions, hydrocarbons containing only carbon-carbon single bonds are rel- 
atively inert. Polyethylene, for example, is a hydrocarbon that is used for household 


containers, tubing, and many other items where lack of reactivity is important. 
Hydrocarbons are combustible, however, and of course we make use of this prop- 
erty every time we burn hydrocarbon fuels such as natural gas, gasoline, or diesel. 
The release of greenhouse gases by combustion of hydrocarbons is a concern 
regarding climate change, of course. 


4.1 Introduction to Alkanes and Cycloalkanes 


Petroleum is a finite resource 
whose origin is under debate. 
At the La Brea Tar Pits in Los 


Angeles, many prehistoric 
animals perished in a natural 
vat containing hydrocarbons. 


We noted earlier that the family of organic compounds called hydrocarbons can be divided 
into several groups on the basis of the type of bond that exists between the individual car- 
bon atoms. Those hydrocarbons in which all of the carbon-carbon bonds are single bonds 
are called alkanes, those hydrocarbons that contain a carbon-carbon double bond are called 
alkenes, and those with a carbon-carbon triple bond are called alkynes. 

Cycloalkanes are alkanes in which all or some of the carbon atoms are arranged in a 
ring. Alkanes have the general formula C H2n+2; cycloalkanes containing a single ring have 
two fewer hydrogen atoms and thus have the general formula C,Hop. 

Alkanes and cycloalkanes are so similar that many of their properties can be considered 
side by side. Some differences remain, however, and certain structural features arise from 
the rings of cycloalkanes that are more conveniently studied separately. We shall point out 
the chemical and physical similarities of alkanes and cycloalkanes as we go along. 


4.1A Sources of Alkanes: Petroleum 


The primary source of alkanes is petroleum. Petroleum is a complex mixture of organic 
compounds, most of which are alkanes and aromatic hydrocarbons (cf. Chapter 14). It also 
contains small amounts of oxygen-, nitrogen-, and sulfur-containing compounds. 

Some of the molecules in petroleum are clearly of biological origin. The natural origin 
of petroleum is still under debate, however. Many scientists believe petroleum originated 
with decay of primordial biological matter. Recent theories suggest, however, that organic 
molecules may have been included as Earth formed by accretion of interstellar materials. 
Analysis of asteroids and comets has shown that they contain a significant amount and vari- 
ety of organic compounds. Methane and other hydrocarbons are found in the atmospheres 
of Jupiter, Saturn, and Uranus. Saturn's moon Titan has а solid form of methane—water ice 
at its surface and an atmosphere rich in methane. Earth's petroleum may therefore have orig- 
inated similarly to the way methane became part of these other bodies in our solar system. 
The discovery of microbial life in high-temperature ocean vents and the growing evidence 
for a deep, hot biosphere within Earth suggest that compounds in petroleum of biological 
origin may simply be contaminants introduced by primitive life into a nonbiologically 
formed petroleum reserve that was present from Earth's beginning. 
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THE CHEMISTRY OF... 


Petroleum Refining 


The first step in refining petroleum is distillation; the object 
here is to separate the petroleum into fractions based on the 
volatility of its components. Complete separation into frac- 
tions containing individual compounds is economically 
impractical and virtually impossible technically. More than 
500 different compounds are contained in the petroleum 
distillates boiling below 200°C, and many have almost the 
same boiling points. Thus the fractions taken contain mix- 
tures of alkanes of similar boiling points (see the table 
below). Mixtures of alkanes, fortunately, are perfectly suit- 
able for uses as fuels, solvents, and lubricants, the primary 
uses of petroleum. 

The demand for gasoline is much greater than that sup- 
plied by the gasoline fraction of petroleum. Important 
processes in the petroleum industry, therefore, are con- 
cerned with converting hydrocarbons from other fractions 
into gasoline. When a mixture of alkanes from the gas oil 
fraction (C42 and higher) is heated at very high tempera- 
tures (~500°C) in the presence of a variety of catalysts, the 
molecules break apart and rearrange to smaller, more 
highly branched hydrocarbons containing 5-10 carbon 
atoms. This process is called catalytic cracking. Cracking 
can also be done in the absence of a catalyst—called ther- 
mal cracking—but in this process the products tend to 


CH3 CH3 
CH3 — C — CH) —CH— CH; or 


СНз 


A petroleum 
refinery. The tall 
towers are 
fractioning 
columns used 
to separate 
components 
of crude oil 
according to 
their boiling 
points. 


have unbranched chains, and alkanes with unbranched 
chains have a very low "octane rating." 

The highly branched compound 2,2,4-trimethylpentane 
(called isooctane in the petroleum industry) burns very 
smoothly (without knocking) in internal combustion engines 
and is used as one of the standards by which the octane 
rating of gasolines is established. 


or 


2,2,4-Trimethylpentane 
(“isooctane”) 


According to this scale, 2,2,4-trimethylpentane has an 
octane rating of 100. Heptane, CH3(CH2)5CHs3, a com- 
pound that produces much knocking when it is burned in an 
internal combustion engine, is given an octane rating of O. 
Mixtures of 2,2,4-trimethylpentane and heptane are used as 


standards for octane ratings between 0 and 100. A gasoline, 
for example, that has the same characteristics in an engine 
as a mixture of 87% 2,2,4-trimethylpentane and 13% hep- 
tane would be rated as 87-octane gasoline. 


Typical Fractions Obtained by Distillation of Petroleum 


Number of Carbon 
Atoms per Molecule 


Boiling Range of 
Fraction (°C) 


Below 20 C4-C4 

20-60 С5-С6 

60-100 Св-С7 

40-200 С5-Со 
175-325 Саса 
250-400 C42 and higher 


Nonvolatile liquids 
Nonvolatile solids 


Cao and higher 
Coo and higher 


Use 


Natural gas, bottled gas, petrochemicals 
Petroleum ether, solvents 

Ligroin, solvents 

Gasoline (straight-run gasoline) 

Kerosene and jet fuel 

Gas oil, fuel oil, and diesel oil 

Refined mineral oil, lubricating oil, and grease 
Paraffin wax, asphalt, and tar 


Adapted with permission of John Wiley & Sons, Inc., from Holum, J. R., General, Organic, and Biological Chemistry, Ninth Edition, 


p. 213. Copyright 1995. 
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4.2 Shapes of Alkanes 


Figure 4.1 Ball-and-stick 
models for three simple 
alkanes. 


Propane 


or 


b ee d 


Figure 4.2  Ball-and-stick 
models for three 
branched-chain alkanes. 
In each of the compounds 
one carbon atom 

is attached to more than 
two other carbon atoms. 


Helpful Нт 


You should build your own 
molecular models of the 
compounds in Figs. 4.1 


and 4.2. View them from different 


perspectives and experiment 
with how their shapes change 
when you twist various bonds. 


Make drawings of your structures. 


A general tetrahedral orientation of groups—and thus sp? hybridization—is the rule for the 
carbon atoms of all alkanes and cycloalkanes. We can represent the shapes of alkanes as 
shown in Fig. 4.1. 

Butane and pentane are examples of alkanes that are sometimes called “straight-chain” 
alkanes. One glance at three-dimensional models, however, shows that because of their tetra- 
hedral carbon atoms the chains are zigzagged and not at all straight. Indeed, the structures 
that we have depicted in Fig. 4.1 are the straightest possible arrangements of the chains 
because rotations about the carbon-carbon single bonds produce arrangements that are even 
less straight. A better description is unbranched. This means that each carbon atom within 
the chain is bonded to no more than two other carbon atoms and that unbranched alkanes 
contain only primary and secondary carbon atoms. Primary, secondary, and tertiary carbon 
atoms were defined in Section 2.5. 

Isobutane, isopentane, and neopentane (Fig. 4.2) are examples of branched-chain 
alkanes. In neopentane the central carbon atom is bonded to four carbon atoms. 

Butane and isobutane have the same molecular formula: C4H40. The two compounds 
have their atoms connected in a different order and are, therefore, constitutional isomers 
(Section 1.3). Pentane, isopentane, and neopentane are also constitutional isomers. They, 
too, have the same molecular formula (C5H42) but have different structures. 


Butane Pentane 
CH3CH2CH2CH3 CH3CH2CH2CH2CH3 
or or 


[<N а [NAN 


Isobutane Isopentane Neopentane 
CH3 
CH3CHCH; CH3CHCH;CHs 
| CH3CCH3 
CH; сна | 
CH3 
or or or 


Y 


ду = А R 
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| TABLE 4.1. | 7 ) Physical Constants of the Hexane Isomers 
Condensed Index of 
Molecular Structural Bond-Line mp bp (°C)? Density? Refraction* 
Formula Formula Formula (*C) (1 atm) (g mL !) (np 20?C) 
Сена CH3CH2CH2CH2CH2CH3 ZN —95 68.7 0.659420 1.3748 
Сена CH4CHCH,CH,CH, —153 60.3 0.653220 1.3714 
сн, AA 
C6H4 CH,CH,CHCH,CH –118 63.3 0.664320 1.3765 
i ү 
Сена CH4CH—CHCH —128.8 58 0.661620 1.3750 
m m A- 
CgHi4 CH, —98 49.7 0.649220 1.3688 
cH,—¢—cH,cH М 
он, 


?Unless otherwise indicated, all boiling points given іп this book аге at 1 atm or 760 torr. 

PThe superscript indicates the temperature at which the density was measured. 

*The index of refraction is a measure of the ability of the alkane to bend (refract) light rays. The values reported are for light of the 
D line of the sodium spectrum (np). 


Write condensed and bond-line structural formulas for all of the constitutional isomers with Review Problem 4.1 
the molecular formula C7H jg. (There is a total of nine constitutional isomers.) 


Constitutional isomers, as stated earlier, have different physical properties. The differ- 
ences may not always be large, but constitutional isomers are always found to have differ- 
ent melting points, boiling points, densities, indexes of refraction, and so forth. Table 4.1 
gives some of the physical properties of the CgH;4 isomers. 

As Table 4.2 shows, the number of constitutional isomers that is possible increases 
dramatically as the number of carbon atoms in the alkane increases. 

The large numbers in Table 4.2 are based on calculations that must be done with a 
computer. Similar calculations, which take into account stereoisomers (Chapter 5) as well 
as constitutional isomers, indicate that an alkane with the formula C467H336 would, in the- 
ory, have more possible isomers than there are particles in the observed universe! 


| TABLE 42 | 4.2 Number of Alkane Isomers 


Possible Number of 


Molecular Formula Constitutional Isomers 
C4H4o 2 
Сени 5 
CrHig 9 
са а 18 
CoH20 35 
C10H22 75 
Сеа 4,347 
C20H42 366,319 
C3oHe2 4,111,846,763 


C40Hs2 62,481,801,147,341 
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4.3 IUPAC Nomenclature of Alkanes, 


Alkyl Halides, and Alcohols 


The Chemical Abstracts Service 
assigns a CAS Registry Number 
to every compound. CAS 

numbers make it easy to find 


information about a compound in 
the chemical literature. The CAS 


numbers for ingredients 


in a can of latex paint are 


shown here. 


Prior to the development near the end of the nineteenth century of a formal system for 
naming organic compounds, many organic compounds had already been discovered or syn- 
thesized. Early chemists named these compounds, often on the basis of the source of the 
compound. Acetic acid (systematically called ethanoic acid) is an example; it was obtained 
by distilling vinegar, and it got its name from the Latin word for vinegar, acetum. Formic 
acid (systematically called methanoic acid) had been obtained by the distillation of the bod- 
ies of ants, so it got the name from the Latin word for ants, formicae. Many of these older 
names for compounds, called common or trivial names, are still in wide use today. 

Today, chemists use a systematic nomenclature developed and updated by the 
International Union of Pure and Applied Chemistry (IUPAC). Underlying the IUPAC sys- 
tem is a fundamental principle: each different compound should have a different and 
unambiguous name.* 

The IUPAC system for naming alkanes is not difficult to learn, and the principles 
involved are used in naming compounds in other families as well. For these reasons we 
begin our study of the IUPAC system with the rules for naming alkanes and then study the 
rules for alkyl halides and alcohols. 

The names for several of the unbranched alkanes are listed in Table 4.3. The ending for 
all of the names of alkanes is -ane. The stems of the names of most of the alkanes (above C4) 
are of Greek and Latin origin. Learning the stems is like learning to count in organic chem- 
istry. Thus, one, two, three, four, and five become meth-, eth-, prop-, but-, and pent-. 


5 The Unbranched Alkanes 


Name 


Methane 
Ethane 
Propane 
Butane 
Pentane 
Hexane 
Heptane 
Octane 
Nonane 
Decane 


Number 
of Carbon 
Atoms 


— 


о 000001050 м > 


Number 
of Carbon 
Structure Name Atoms Structure 
CH, Undecane 11 CH3(CH2)gCH3 
CH3CH3 Dodecane 12 CH3(CH2)19CH3 
CH3CHsCH3 Tridecane 13 CH3(CH2)14CH3 
CH3(CH2)2CH3 Tetradecane 14 CH3(CH2)12CH3 
CH3(CH2)3CH3 Pentadecane 15 CH3(CH2)13CH3 
CH3(CH35)4CHs3 Hexadecane 16 CH3(CH»)14CH3 
CH3(CH2)5CH3 Heptadecane 17 CH3(CH2)15CH3 
CH3(CH2)gCH3 Octadecane 18 CH3(CH2)1gCH3 
CH3(CH2)7CH3 Nonadecane 19 CH3(CH2)17CHa 
CH3(CH2)gCH3 Eicosane 20 CH3(CH2)1gCH3 


4.3A Nomenclature of Unbranched Alkyl Groups 


If we remove one hydrogen atom from an alkane, we obtain what is called an alkyl 
group. These alkyl groups have names that end in -yl. When the alkane is unbranched, 
and the hydrogen atom that is removed is a terminal hydrogen atom, the names are 
straightforward: 


"The complete IUPAC rules for nomenclature can be found through links at the IUPAC website 
(www.iupac.org). 


4.3 IUPAC Nomenclature of Alkanes, Alkyl Halides, and Alcohols 


CH3—H CH3CH5—H CH3CH5CH5—H CH3CH5CH5CH5—H 
Methane Ethane Propane Butane 
CH4— CH4CH,— CH3CH5CH,— CH3CH2CH2CHs— 
Methyl Ethyl Propyl Butyl 
Me- Et- Pr- Bu- 


x X ~ SAS 


4 a? "Y ә " 
a Bx BB af of 
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4.3B Nomenclature of Branched-Chain Alkanes 
Branched-chain alkanes are named according to the following rules: 


1. Locate the longest continuous chain of carbon atoms; this chain determines the 
parent name for the alkane. We designate the following compound, for example, 
as a hexane because the longest continuous chain contains six carbon atoms: 


— CH3CH2CH2CH2CHCH3 or 
| 


Longest chain CH3 


The longest continuous chain may not always be obvious from the way the formula 
is written. Notice, for example, that the following alkane is designated as a heptane 
because the longest chain contains seven carbon atoms: 


CX 


2. Number the longest chain beginning with the end of the chain nearer the 
substituent. Applying this rule, we number the two alkanes that we illustrated 
previously in the following way: 


Substituent 


Substituent 7 1 


3. Use the numbers obtained by application of rule 2 to designate the location of 
the substituent group. The parent name is placed last, and the substituent group, 
preceded by the number designating its location on the chain, is placed first. Numbers 
are separated from words by a hyphen. Our two examples are 2-methylhexane and 
3-methylheptane, respectively: 

5 3 1 6 4 
6 4 2 7 5 3 


2 
Substituent Longest 


hai 
Locant —> 2-Methylhexane PE 3-Methylheptane 


1 
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4. When two or more substituents are present, give each substituent a number 
corresponding to its location on the longest chain. For example, we designate the 
following compound as 4-ethyl-2-methylhexane: 


4-Ethyl-2-methylhexane 


The substituent groups should be listed alphabetically (1.e., ethyl before methyl).* In 
deciding on alphabetical order, disregard multiplying prefixes such as “di” and “tri.” 


5. When two substituents are present on the same carbon atom, use that number twice: 


7 


3-Ethyl-3-methylhexane 


6. When two or more substituents are identical, indicate this by the use of the pre- 
fixes di-, tri-, tetra-, and so on. Then make certain that each and every substituent 
has a number. Commas are used to separate numbers from each other: 


TY хх 


2,3-Dimethylbutane 2,3,4-Trimethylpentane 2,2,4,4-Tetramethylpentane 
Application of these six rules allows us to name most of the alkanes that we shall 
encounter. Two other rules, however, may be required occasionally: 


7. When two chains of equal length compete for selection as the parent chain, 
choose the chain with the greater number of substituents: 


2,3,5-Trimethyl-4-propylheptane 
(four substituents) 


8. When branching first occurs at an equal distance from either end of the longest 
chain, choose the name that gives the lower number at the first point of difference: 


2,3,5-Trimethylhexane 
(not 2,4,5-trimethylhexane) 


Solved Problem 4.1 


Provide an IUPAC name for the following alkane. 


*Some handbooks also list the groups in order of increasing size or complexity (i.e., methyl before ethyl). 
An alphabetical listing, however, is now by far the most widely used system. 


4.3 IUPAC Nomenclature of Alkanes, Alkyl Halides, and Alcohols 


STRATEGY AND SOLUTION We find the longest chain (shown in 

blue) to be seven carbons; therefore the parent name is heptane. 

There are two methyl substituents (shown in red). We number the Two 
chain so as to give the first methyl group the lower number. methyl 
The correct name, therefore, is 3,4-dimethylheptane. Numbering the 
chain from the other end to give 4,5-dimethylheptane would have 
been incorrect. 


Which structure does not represent 2-methylpentane? 
"307 PL ALS У. 


Write the structure and give the IUPAC name for an alkane with formula CgH;, that has 
only primary and secondary carbon atoms. 


Draw bond-line formulas for all of the isomers of CgH4g that have (a) methyl substituents, 
and (b) ethyl substituents. 


4.3C Nomenclature of Branched Alkyl Groups 


In Section 4.3A you learned the names for the unbranched alkyl groups such as methyl, 
ethyl, propyl, and butyl, groups derived by removing a terminal hydrogen from an alkane. 
For alkanes with more than two carbon atoms, more than one derived group is possible. 
Two groups can be derived from propane, for example; the propyl group is derived by 
removal of a terminal hydrogen, and the 1-methylethyl or isopropyl group is derived 
by removal of a hydrogen from the central carbon: 


Three-Carbon Groups 


CH3CH2CH3 
Propane 
CH3CH2CH2— e 
Propyl Isopropyl 
Pr- i-Pr- 


За d 
à 
= ry x 2 e 
5 @ ə 


229 Ф222 


ə 


1-Methylethyl is the systematic name for this group; isopropyl is a common name. 
Systematic nomenclature for alkyl groups is similar to that for branched-chain alkanes, with 
the provision that numbering always begins at the point where the group is attached to the 
main chain. 'There are four C4 groups. 


М 145 
5 7 
6 Longest 
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il 
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Review Problem 4.2 


Review Problem 4.3 


Review Problem 4.4 
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Four-Carbon Groups 
CH3CH2CH2CH3 
Butane 
| 
CH3CHsCHsCHs— CH3CHCH»— bo (CH3)3C— 


Butyl Isobutyl sec-Butyl tert-Butyl (or t-Bu) 


The following examples show how the names of these groups are employed: 


M 3 


4-(1-Methylethyl)heptane or 4-isopropylheptane 


“A 


4-(1,1-Dimethylethyl)octane or 4-fert-butyloctane 


The common names isopropyl, isobutyl, sec-butyl, and tert-butyl are approved by the 
IUPAC for the unsubstituted groups, and they are still very frequently used. You should 
learn these groups so well that you can recognize them any way that they are written. In 
deciding on alphabetical order for these groups you should disregard structure-defining 
prefixes that are written in italics and separated from the name by a hyphen. Thus tert-butyl 
precedes ethyl, but ethyl precedes isobutyl.* 

There is one five-carbon group with an IUPAC approved common name that you should 
also know: the 2,2-dimethylpropyl group, commonly called the neopentyl group: 


2,2-Dimethylpropyl or neopentyl group 


Review Problem 4.5 (a) In addition to the 2,2-dimethylpropyl (or neopentyl) group just given, there are seven 
other five-carbon groups. Draw bond-line formulas for their structures and give each struc- 
ture its systematic name. (b) Draw bond-line formulas and provide IUPAC names for all 
of the isomers of CzH;e. 


*The abbreviations i, s, and t are sometimes used for iso-, sec-, and tert-, respectively. 


4.3 IUPAC Nomenclature of Alkanes, Alkyl Halides, and Alcohols M 


4.3D Classification of Hydrogen Atoms 


The hydrogen atoms of an alkane are classified on the basis of the carbon atom to which 
they are attached. A hydrogen atom attached to a primary carbon atom is a primary (1?) 
hydrogen atom, and so forth. The following compound, 2-methylbutane, has primary, 
secondary (2°), and tertiary (3°) hydrogen atoms: 


1° Hydrogen atom 
ith 
CH,—CH—CH,—CH, 


3° Hydrogen - ty Hydrogen atoms 


On the other hand, 2,2-dimethylpropane, a compound that is often called neopentane, has 
only primary hydrogen atoms: 


CH; i ð 


НС — C — СНз 3 
| ә Әә 


CH; 1 


2,2-Dimethylpropane 
(neopentane) 


4.3E Nomenclature of Alkyl Halides 


Alkanes bearing halogen substituents are named in the IUPAC substitutive system as 
haloalkanes: 
CH3CH2C! CH3CH2CH2F CH3CHBrCH3 


Chloroethane 1-Fluoropropane 2-Bromopropane 


@ When the parent chain has both a halo and an alkyl substituent attached to it, number 
the chain from the end nearer the first substituent, regardless of whether it is halo or 
alkyl. If two substituents are at equal distance from the end of the chain, then num- 
ber the chain from the end nearer the substituent that has alphabetical precedence: 


2-Chloro-3-methylpentane — 2-Chloro-4-methylpentane 


Common names for many simple haloalkanes are still widely used, however. In this com- 
mon nomenclature system, called functional class nomenclature, haloalkanes are named 
as alkyl halides. (The following names are also accepted by the IUPAC.) 


ме Y 4. Y* ow? 


Ethyl Isopropyl tert-Butyl Isobutyl Neopentyl 
chloride bromide bromide chloride bromide 
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Draw bond-line formulas and give IUPAC substitutive names for all of the isomers of Review Problem 4.6 


(a) C4HgCI and (b) C5H,4Br. 
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4.3F Nomenclature of Alcohols 


In what is called IUPAC substitutive nomenclature, a name may have as many as four fea- 
tures: locants, prefixes, parent compound, and suffixes. Consider the following compound 
as an illustration without, for the moment, being concerned as to how the name arises: 


CH,CH,CHCH,CH,CH,OH 
da Or OH 
3 


4-Methyl-1-hexanol 


Locant Prefix Locant Parent Suffix 


The /ocant 4- tells that the substituent methyl group, named as a prefix, is attached to 
the parent compound at C4. The parent compound contains six carbon atoms and no mul- 
tiple bonds, hence the parent name hexane, and it is an alcohol; therefore it has the suffix 
-ol. The locant 1- tells that C1 bears the hydroxyl group. In general, numbering of the 
chain always begins at the end nearer the group named as a suffix. 

The locant for a suffix (whether it is for an alcohol or another functional group) may be 
placed before the parent name as in the above example or, according to a 1993 IUPAC 
revision of the rules, immediately before the suffix. Both methods are IUPAC approved. 
Therefore, the above compound could also be named 4-methylhexan-1-ol. 

The following procedure should be followed in giving alcohols IUPAC substitutive names: 


1. Select the longest continuous carbon chain to which the hydroxyl is directly attached. 
Change the name of the alkane corresponding to this chain by dropping the final -e 
and adding the suffix -ol. 

2. Number the longest continuous carbon chain so as to give the carbon atom bearing the 
hydroxyl group the lower number. Indicate the position of the hydroxyl group by using 
this number as a locant; indicate the positions of other substituents (as prefixes) by using 
the numbers corresponding to their positions along the carbon chain as locants. 


The following examples show how these rules are applied: 


3 1 1 3 5 3 1 
OH 
1-Propanol 2-Butanol 4-Methyl-1-pentanol 


or 4-methylpentan-1-ol 
(not 2-methyl-5-pentanol) 


1 3 5 
Cl. А LOH у 
2 1 OH 
3-Chloro-1-propanol 4,4-Dimethyl-2-pentanol 
or 3-chloropropan-1-ol or 4,4-dimethylpentan-2-ol 
Give an IUPAC name for the following compound. HO 


STRATEGY AND ANSWER We find that the longest carbon chain (in red at right) has HO. 2 5: 
five carbons and it bears a hydroxyl group on the first carbon. So we name this part of 5 
the molecule as a 1-pentanol. There is a phenyl group on carbon-1 and a methyl group 

on carbon-3, so the full name is 3-methyl-1-phenyl-1-pentanol. 
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Draw bond-line formulas and give IUPAC substitutive names for all of the isomeric alco- Review Problem 4.7 
hols with the formulas (a) C4H 90 and (b) C5H42O. 


Simple alcohols are often called by common functional class names that are also 
approved by the IUPAC. We have seen several examples already (Section 2.6). In addition 
to methyl alcohol, ethyl alcohol, and isopropyl alcohol, there are several others, including 
the following: 


OH 
Propyl alcohol Butyl alcohol sec-Butyl alcohol 
tert-Butyl alcohol Isobutyl alcohol Neopentyl alcohol 


Alcohols containing two hydroxyl groups are commonly called glycols. In the IUPAC 
substitutive system they are named as diols: 


HO ^Y он 


Substitutive 1,2-Ethanediol 1,2-Propanediol 1,3-Propanediol 
or ethane-1,2-diol or propane-1,2-diol _ ог propane-1,3-diol 
Common Ethylene glycol Propylene glycol Trimethylene glycol 


4.4 How to Name Cycloalkanes 


4.44 Monocyclic Compounds 


Cycloalkanes with only one ring are named by attaching the prefix cyclo- to the names of 
the alkanes possessing the same number of carbon atoms. For example, 


H4C—— CH, H.C — CH, | 
VV EO VV e 
Н, E. и“ pou 

Н 


Cyclopropane Cyclopentane 


Naming substituted cycloalkanes is straightforward: We name them as alkylcycloalkanes, 
halocycloalkanes, alkylcycloalkanols, and so on. If only one substituent is present, it is not 
necessary to designate its position. When two substituents are present, we number the ring 
beginning with the substituent first in the alphabet and number in the direction that gives 
the next substituent the lower number possible. When three or more substituents are pre- 
sent, we begin at the substituent that leads to the lowest set of locants: 


5 od y 


Isopropylcyclohexane 1-Ethyl-3-methylcyclohexane 4-Chloro-2-ethyl-1-methylcyclohexane 
(not 1-ethyl-5-methylcyclohexane) (not 1-chloro-3-ethyl-4-methylcyclohexane) 
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OH 
Chlorocyclopentane 2-Methylcyclohexanol 
When a single ring system is attached to a single chain with a greater number of 


carbon atoms, or when more than one ring system is attached to a single chain, then it is 
appropriate to name the compounds as cycloalkylalkanes. For example, 


П 


1-Cyclobutylpentane 1,3-Dicyclohexylpropane 
Review Problem 4.8 Give names for the following substituted alkanes: 
Cl OH 


4.4B Bicyclic Compounds 


We name compounds containing two fused or bridged rings as bicycloalkanes, and we use 
the name of the alkane corresponding to the total number of carbon atoms in the rings as the 
parent name. The following compound, for example, contains seven carbon atoms and is, 
therefore, a bicycloheptane. The carbon atoms common to both rings are called bridgeheads, 
and each bond, or each chain of atoms, connecting the bridgehead atoms is called a bridge: 


One-carbon 
bridge 
| H Bridgehead 
Helpful Hint CT 
"ne^ | es? 
Explore the structures of these 2 2 
bicyclic compounds by building — Two-carbon— | CH, |Two-carbon = Е 
handheld molecular models. bridge | bridge 
НС СН, 
7127 ee € 
H ~ Bridgehead 


A bicycloheptane 


Then we interpose an expression in brackets within the name that denotes the number of 
carbon atoms in each bridge (in order of decreasing length). Fused rings have zero carbons 
in the bridge. For example, 


Bridged Fused 
H H 
C. 
њем“ | “ен, РА 
сн, | = = RES CH, = УА = " 
НС | CH3 C 
id H " 
H 
Bicyclo[2.2.1]heptane Bicyclo[1.1.0]butane 


(also called norbornane) 
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If substituents are present, we number the bridged ring system beginning at one bridge- 
head, proceeding first along the longest bridge to the other bridgehead, then along the next 
longest bridge back to the first bridgehead. The shortest bridge is numbered last: 


Bridged Fused 
1 2 * ou 2 
7 3 
6 4 
B 4 y € 


8-Methylbicyclo[3.2.1]octane — 8-Methylbicyclo[4.3.0]nonane 


Solved Problem 4.3 


Write a structural formula for 7,7-dichlorobicyclo[2.2. 1 Jheptane. 


STRATEGY AND ANSWER First we write a bicyclo[2.2.1]heptane ring and number CI CI 
it. Then we add the substituents (two chlorine atoms) to the proper carbon. 


Give names for each of the following bicyclic alkanes: Review Problem 4.9 


CI 


(a) NV (b) (c) (d) a (e) CH, 


(f) Write the structure of a bicyclic compound that is a constitutional isomer of bicy- 
clo[2.2.0]hexane and give its name. 


4.5 Nomenclature of Alkenes and Cycloalkenes 


Many older names for alkenes are still in common use. Propene is often called propylene, 
and 2-methylpropene frequently bears the name isobutylene: 


CH, = CH, CH4CH = CH; 


= EN — 
ње x*e 7" 


2 


IUPAC: Ethene Propene 2-Methylpropene 
Common: Ethylene Propylene Isobutylene 


152 


Chapter 4 Nomenclature and Conformations of Alkanes and Cycloalkanes 


The IUPAC rules for naming alkenes are similar in many respects to those for naming alkanes: 


1. Determine the parent name by selecting the longest chain that contains the double 
bond and change the ending of the name of the alkane of identical length from -ane 
to -ene. Thus, if the longest chain contains five carbon atoms, the parent name for the 
alkene is pentene; if it contains six carbon atoms, the parent name is Hexene, and so on. 


2. Number the chain so as to include both carbon atoms of the double bond, and 
begin numbering at the end of the chain nearer the double bond. Designate the 
location of the double bond by using the number of the first atom of the double 
bond as a prefix. The locant for the alkene suffix may precede the parent name 
or be placed immediately before the suffix. We will show examples of both styles: 


1 2 3 4 
CH,=CHCH,CH, CH4CH—CHCH;CH;CH; 
1-Butene 2-Hexene 
(not 3-butene) (not 4-hexene) 


3. Indicate the locations of the substituent groups by the numbers of the carbon 
atoms to which they are attached: 


4 
У 26 
2 8 2 3 5 
1 1 


2-Methyl-2-butene 2,5-Dimethyl-2-hexene 
or 2-methylbut-2-ene or 2,5-dimethylhex-2-ene 


CH, 
| 4 8 2 1 
аач CH,CH=CHCH,Cl 
CH, 
5,5-Dimethyl-2-hexene 1-Chloro-2-butene 


or 5,5-dimethylhex-2-ene or 1-chlorobut-2-ene 


4. Number substituted cycloalkenes in the way that gives the carbon atoms of the 
double bond the 1 and 2 positions and that also gives the substituent groups the 
lower numbers at the first point of difference. With substituted cycloalkenes it is 
not necessary to specify the position of the double bond since it will always begin 
with C1 and C2. The two examples shown here illustrate the application of these rules: 


5 2 6 2 
4 3 5 3 
4 
1-Methylcyclopentene 3,5-Dimethylcyclohexene 


(not 2-methylcyclopentene) (пої 4,6-dimethylcyclohexene) 


5. Name compounds containing a double bond and an alcohol group as alkenols (or 
cycloalkenols) and give the alcohol carbon the lower number: 


OH 
OH 1 
AC А 
Д“ 2 3 
5 3 1 
4-Methyl-3-penten-2-ol 2-Methyl-2-cyclohexen-1-ol 


or 4-methylpent-3-en-2-0| ог 2-methylcyclohex-2-en-1-ol 


6. Two frequently encountered alkenyl groups are the vinyl group and the allyl group: 


WS Gro 


The vinyl group The allyl group 


RA. 153 


4.5 Nomenclature of Alkenes and Cycloalkenes M 


Using substitutive nomenclature, the vinyl and allyl groups are called ethenyl and prop- 
2-en-1-yl, respectively. The following examples illustrate how these names are 


employed: 
OH 
27 
Bromoethene Ethenylcyclopropane 3-Chloropropene 3-(Prop-2-en-1-yl)cyclohexan-1-ol 
or or or or 
vinyl bromide vinylcyclopropane allyl chloride 3-allylcyclohexanol 
(common) (common) 


7. If two identical or substantial groups are on the same side of the double bond, the com- 
pound can be designated cis; if they are on opposite sides it can be designated trans: 


cis-1,2-Dichloroethene — trans-1,2-Dichloroethene 


(In Section 7.2 we shall see another method for designating the geometry of the double bond.) 


Give an IUPAC name for the following molecule. 
SQ OH 


STRATEGY AND ANSWER We number the ring as shown below starting with the hydroxyl group so as to give 
the double bond the lower possible number. We include in the name the substituent (an ethenyl group) and the dou- 
ble bond (-ene-), and the hydroxyl group (-01) with numbers for their respective positions. Hence the IUPAC name 
is 3-ethenyl-2-cyclopenten-1-ol. 


Solved Problem 4.4 


Ethenyl group 


Give IUPAC names for the following alkenes: Review Problem 4.10 


(a) SQ (c) ane (e) ~ 3 3 


el T yes 


Write bond-line formulas for the following: Review Problem 4.11 
(a) cis-3-Octene (f) 1-Bromo-2-methyl-1-(prop-2-en-1-yl)cyclopentane 
(b) trans-2-Hexene (g) 3,4-Dimethylcyclopentene 


(c) 2.4-Dimethyl-2-pentene (h) Vinylcyclopentane 
(d) trans-1-Chlorobut-2-ene (i) 1,2-Dichlorocyclohexene 
(e) 4,5-Dibromo-1-pentene (j) trans-1,4-Dichloro-2-pentene 
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4.6 Nomenclature of Alkynes 


Review Problem 4.12 


Alkynes are named in much the same way as alkenes. Unbranched alkynes, for example, are 
named by replacing the -ane of the name of the corresponding alkane with the ending -yne. 
The chain is numbered to give the carbon atoms of the triple bond the lower possible num- 
bers. The lower number of the two carbon atoms of the triple bond is used to designate the 
location of the triple bond. The IUPAC names of three unbranched alkynes are shown here: 


H—C=C—H = == 
Ethyne or 2-Pentyne 1-Penten-4-ynet 
acetylene* or pent-1-en-4-yne 


The locations of substituent groups of branched alkynes and substituted alkynes are also 
indicated with numbers. An —OH group has priority over the triple bond when number- 
ing the chain of an alkynol: 


CI CI 1— OH 


3-Butyn-1-ol 
or but-3-yn-1-ol 


1-Chloro-2-butyne 
or 1-chlorobut-2-yne 


1 OH 5 
E i, A 2 iF 
6 SNC 5 3 1 3 


5-Methyl-1-hexyne 
or 5-methylhex-1-yne 


3-Chloropropyne 


4,4-Dimethyl-1-pentyne 
or 4,4-dimethylpent-1-yne 


2-Methyl-4-pentyn-2-ol 
or 2-methylpent-4-yn-2-ol 


Give the structures and IUPAC names for all the alkynes with the formula Сен. 


Monosubstituted acetylenes or 1-alkynes are called terminal alkynes, and the hydro- 
gen attached to the carbon of the triple bond is called the acetylenic hydrogen atom: 


v7 ^cetylenic hydrogen 
R—C=C—H 
A terminal 
alkyne 
When named as a substituent, the HC==C— group is called the ethynyl group. 
The anion obtained when the acetylenic hydrogen is removed is known as an alkynide 
ion or an acetylide ion. As we shall see in Section 7.11, these ions are useful in synthesis: 


R—CzC: СНзС==С: 
ог ог 
R=: =: 
An alkynide ion The propynide 
(an acetylide ion) ion 


4.7 Physical Properties of Alkanes and Cycloalkanes 


If we examine the unbranched alkanes in Table 4.3, we notice that each alkane differs from 
the preceding alkane by one —CH»2— group. Butane, for example, is CH3(CH2)2CH3 and 
pentane is CHa(CH2)aCHs. A series of compounds like this, where each member differs 


*The name acetylene is retained by the IUPAC system for the compound НС==СН and is used frequently. 


TWhere there is a choice, the double bond is given the lower number. 


300 
200 
о • o 
id Cycloalkanes „s um 
= 100 ~” A = 
о e | o 
(о О 
S о E 
5 Ф 
(кај = 
—100 > 
-200 | | 
123456789101112131415 1 3 5 7 
Number of carbon atoms Number of carbon atoms 


(a) (b) 


Figure 4.3 (a) Boiling points of unbranched alkanes (in red) and cycloalkanes (in white). 
(b) Melting points of unbranched alkanes. 


from the next member by a constant unit, is called a homologous series. Members of a 
homologous series are called homologues. 

At room temperature (25?C) and 1 atm pressure the first four members of the homolo- 
gous series of unbranched alkanes are gases (Fig. 4.3), the C5— Су unbranched alkanes 
(pentane to heptadecane) are liquids, and the unbranched alkanes with 18 and more car- 
bon atoms are solids. 


Boiling Points The boiling points of the unbranched alkanes show a regular increase 
with increasing molecular weight (Fig. 4.3a) in the homologous series of straight-chain 
alkanes. Branching of the alkane chain, however, lowers the boiling point. As examples, 
consider the СН д isomers in Table 4.1. Hexane boils at 68.7°C and 2-methylpentane and 
3-methylpentane, each having one branch, boil lower, at 60.3 and 63.3°C, respectively. 
2,3-Dimethylbutane and 2,2-dimethylbutane, each with two branches, boil lower still, at 
58 and 49.7?C, respectively. 

Part of the explanation for these effects lies in the dispersion forces that we studied 
in Section 2.13B. With unbranched alkanes, as molecular weight increases, so too do 
molecular size and, even more importantly, molecular surface area. With increasing sur- 
face area, the dispersion forces between molecules increase; therefore, more energy (a higher 
temperature) is required to separate molecules from one another and produce boiling. Chain 
branching, on the other hand, makes a molecule more compact, reducing its surface area 
and with it the strength of the dispersion forces operating between it and adjacent mole- 
cules; this has the effect of lowering the boiling point. 


Melting Points The unbranched alkanes do not show the same smooth increase in melt- 
ing points with increasing molecular weight (blue line in Fig. 4.35) that they show in their 
boiling points. There is an alternation as one progresses from an unbranched alkane with 
an even number of carbon atoms to the next one with an odd number of carbon atoms. For 
example, propane (mp — 188°C) melts lower than ethane (mp — 183°C) and also lower than 
methane (mp —182?C). Butane (mp —138?C) melts 50°C higher than propane and only 
8°C lower than pentane (mp — 130°C). If, however, the even- and odd-numbered alkanes 
are plotted on separate curves (white and red lines in Fig. 4.3), there is a smooth increase 
in melting point with increasing molecular weight. 

X-Ray diffraction studies, which provide information about molecular structure, have 
revealed the reason for this apparent anomaly. Alkane chains with an even number of car- 
bon atoms pack more closely in the crystalline state. As a result, attractive forces between 
individual chains are greater and melting points are higher. 

The effect of chain branching on the melting points of alkanes is more difficult to pre- 
dict. Generally, however, branching that produces highly symmetrical structures results in 
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abnormally high melting points. The compound 2,2,3,3-tetramethylbutane, for example, 
melts at 100.7°C. Its boiling point is only six degrees higher, 106.3°C: 


CH, CH, 
UR MR 


CH, CH, 
2,2,3,3-Tetramethylbutane 


Cycloalkanes also have much higher melting points than their open-chain counterparts 


(Table 4.4). 
| TABLE 44 ] 7) Physical Constants of Cycloalkanes 
Number Refractive 
of Carbon bp (°C) mp Density, Index 
Atoms Name (1 atm) (°C) d?%g mL") (n&9) 
3 Cyclopropane =33 —126.6 — — 
4 Cyclobutane 13 —90 — 1.4260 
5 Cyclopentane 49 —94 0.751 1.4064 
6 Cyclohexane 81 6.5 0.779 1.4266 
7 Cycloheptane 118.5 =12 0.811 1.4449 
8 Cyclooctane 149 135 0.834 — 


Density As a class, the alkanes and cycloalkanes are the least dense of all groups 
of organic compounds. All alkanes and cycloalkanes have densities considerably less than 
1.00 g mL”! (the density of water at 4°C). As a result, petroleum (a mixture of hydrocar- 
bons rich in alkanes) floats on water. 


Solubility Alkanes and cycloalkanes are almost totally insoluble in water because of 
their very low polarity and their inability to form hydrogen bonds. Liquid alkanes and 
cycloalkanes are soluble in one another, and they generally dissolve in solvents of low 
polarity. Good solvents for them are benzene, carbon tetrachloride, chloroform, and other 
hydrocarbons. 


THE CHEMISTRY OF... 


Pheromones: Communication by Means of Chemicals 


Many animals communicate with other members of their 
species using a language based not on sounds or even visual 
signals but on the odors of chemicals called pheromones 
that these animals release. For insects, this appears to be the 
chief method of communication. Although pheromones are 
secreted by insects in extremely small amounts, they can 
cause profound and varied biological effects. Some insects 
use pheromones in courtship as sex attractants. Others use 
pheromones as warning substances, and still others secrete 
chemicals called "aggregation compounds" to cause mem- 
bers of their species to congregate. Often these 
pheromones are relatively simple compounds, and some are 
hydrocarbons. For example, a species of cockroach uses 
undecane as an aggregation pheromone: 


CH3(CH2)gCH3 


Undecane 
(cockroach aggregation pheromone) 


(CH3)eCH(CH2)14CHs 


2-Methylheptadecane 
(sex attractant of female tiger moth) 


When a female tiger moth wants to mate, she secretes 
2-methylheptadecane, a perfume that the male tiger moth 
apparently finds irresistible. 

The sex attractant of the common housefly (Musca 
domestica) is a 23-carbon alkene with a cis double bond 
between atoms 9 and 10 called muscalure: 


CH,(CH,)7 He) Hs 
У а" 
H H 
Muscalure 


(sex attractant of common housefly) 


Many insect sex attractants have been synthesized and 
are used to lure insects into traps as a means of insect con- 


— 
"Es У“ 
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trol, a much more environmentally sensitive method than the 
use of insecticides. 
Research suggests there are roles for pheromones in the 
lives of humans as well. For example, studies have shown 
that the phenomenon of menstrual synchronization among 
women who live or work with each other is likely caused by но“ 
pheromones. Olfactory sensitivity to musk, which includes 
steroids such as androsterone, large cyclic ketones, and lac- Androsterone 
tones (cyclic esters), also varies cyclically in women, differs 
between the sexes, and may influence our behavior. Some 


О 
В : ў í О 
of these compounds аге used in perfumes, including сме- 
tone, a natural product isolated from glands of the civet cat, о 
апа pentalide, a synthetic musk. 


Civetone Pentalide 


4.8 Sigma Bonds and Bond Rotation 


Two groups bonded by only a single bond can undergo rotation about that bond with respect 
to each other. 


@ The temporary molecular shapes that result from such a rotation are called con- 
formations of the molecule. 


ө Each possible structure is called a conformer. 


@ An analysis of the energy changes that occur as a molecule undergoes rotations 
about single bonds is called a conformational analysis. 


4.84 Newman Projections апа How to Draw Them 


Helpful Hin: 


When we do conformational analysis, we will find that certain types of structural formu- "m 

Е А " " E Learn to draw Newman projections 
las are especially convenient to use. One of these types is called a Newman projection and'sawhorse-formulas: Build 
formula and another type is a sawhorse formula. Sawhorse formulas are much like handheld molecular models and 
dash-wedge three-dimensional formulas we have used so far. In conformational analyses, ^ compare them with your drawings. 
we will make substantial use of Newman projections. 


Newman projection Sawhorse formula 
formula 


To write a Newman projection formula: 


@ We imagine ourselves taking a view from one atom (usually a carbon) directly 
along a selected bond axis to the next atom (also usually a carbon atom). 


€ The front carbon and its other bonds are represented as bu 


@ The back carbon and its bonds are represented as log 
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The dihedral 
angle (¢) between 
these hydrogens 

is 180°. 


(b) (c) 


Figure 4.4 (а) The staggered conformation of ethane. (b) The Newman projection formula for the 
staggered conformation. (c) The dihedral angle between these hydrogen atoms is 60°. 


In Figs. 4.4a,b we show ball-and-stick models and a Newman projection formula for the 
staggered conformation of ethane. The staggered conformation of a molecule is that con- 
formation where the dihedral angle between the bonds at each of the carbon-carbon bonds 
is 180? and where atoms or groups bonded to carbons at each end of a carbon-carbon bond 
are as far apart as possible. The 180? dihedral angle in the staggered conformation of ethane 
is indicated in Fig. 4.4р. 

The eclipsed conformation of ethane is shown in Fig. 4.5 using ball-and-stick models 
and a Newman projection. In an eclipsed conformation the atoms bonded to carbons at 
each end of a carbon-carbon bond are directly opposed to one another. The dihedral angle 
between them is 0°. 


The dihedral 
angle (¢) between 
these hydrogens 

is 0°. $ 
"e 
HH 


Figure 4.5 (a) The eclipsed 
conformation of ethane. 
(b) The Newman projection 


formula for the eclipsed 
conformation. 


(a) (b) 


4.8B How to Do a Conformational Analysis 


Now let us consider a conformational analysis of ethane. Clearly, infinitesimally small 
changes in the dihedral angle between C—H bonds at each end of ethane could lead to an 
infinite number of conformations, including, of course, the staggered and eclipsed confor- 
mations. These different conformations are not all of equal stability, however, and it is 
known that the staggered conformation of ethane is the most stable conformation (i.e., it 
is the conformation of lowest potential energy). The fundamental reason for this has recently 
come to light. 

Quantum mechanical calculations by L. Goodman and V. T. Pophristic (Rutgers 
University) have shown that the greater stability of the staggered conformation in ethane 
over the eclipsed conformation is mainly due to favorable overlap between sigma (a) bond- 
ing orbitals from the C—H bonds at one carbon and unfilled antibonding sigma (o*) orbitals 
at the adjacent carbon. In ethane’s staggered conformation, electrons from a given bond- 
ing C—H orbital on one carbon can be shared with an unfilled с* orbital at the adjacent 
carbon. This phenomenon of electron delocalization (via orbital overlap) from a filled bond- 
ing orbital to an adjacent unfilled orbital is called hyperconjugation (and we shall see in 
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later chapters that it is a general stabilizing effect). Figure 4.6a shows the favorable over- 
lap of ø and o* in ethane by color coding of the orbital phases. 

If we now consider the eclipsed conformation of ethane (Fig. 4.65), where the C—H 
bonds at each carbon are directly opposed to each other, we see that the bonding с C—H 
orbital at one carbon does not overlap to as great an extent with the adjacent antibonding 
orbital as in the staggered conformation. The possibility for hyperconjugation is diminished, 
and therefore the potential energy of this conformation is higher. 

The o—o* interactions in ethane are present in more complicated molecules as well. 
However, where atoms and groups larger than hydrogen are involved in a conformational 
analysis, such as our example in Section 4.9, it is likely that repulsion of the electron clouds 
involved in the bonding of those groups increases in importance as the cause of the stag- 
gered conformation being most stable. 

The energy difference between the conformations of ethane can be represented graphi- 
cally in a potential energy diagram, as shown in Figure 4.7. In ethane the energy differ- 
ence between the staggered and eclipsed conformations is about 12 kJ тој“ !. This small 
barrier to rotation is called the torsional barrier of the single bond. Because of this bar- 
rier, some molecules will wag back and forth with their atoms in staggered or nearly stag- 
gered conformations, while others with slightly more energy will rotate through an eclipsed 
conformation to another staggered conformation. At any given moment, unless the temper- 
ature is extremely low (—250?C), most ethane molecules will have enough energy to 
undergo bond rotation from one conformation to another. 


H H 
con 
H H 
Eclipsed 
12 kJ тог! 
H H 
H H H H 
H H H H 
Figure 4.7 Potential energy H H 
changes that accompany Staggered Staggered 
rotation of groups about the 
Rotation 


carbon-carbon bond of ethane. 


What does all this mean about ethane? We can answer this question in two different ways. 
If we consider a single molecule of ethane, we can say, for example, that it will spend most 
of its time in the lowest energy, staggered conformation, or in a conformation very close 
to being staggered. Many times every second, however, it will acquire enough energy 
through collisions with other molecules to surmount the torsional barrier and it will rotate 
through an eclipsed conformation. If we speak in terms of a large number of ethane mol- 
ecules (a more realistic situation), we can say that at any given moment most of the 
molecules will be in staggered or nearly staggered conformations. 

If we consider more highly substituted ethanes such as GCH2CH2G (where G is a 
group or atom other than hydrogen), the barriers to rotation are somewhat larger, but they 
are still far too small to allow isolation of the different staggered conformations. The fac- 
tors involved in this rotational barrier are together called torsional strain and include 
the orbital considerations discussed above as well as repulsive interactions called steric 


(b) 


Figure 4.6 The bonding C—H 
orbital is the orbital where one 
lobe of a single phase 
(represented by one color) 
envelops the C—H atoms. The 
adjacent unfilled antibonding 
orbital is the orbital where the 
phase changes between the 
carbon and its hydrogen atom. 
The staggered conformation 

of ethane (a) has greater overlap 
between the bonding C—H 
orbital and the adjacent 
antibonding orbital than in the 
eclipsed conformation (b). 

The orbital overlap shown in (a) 
leads to the lower potential 
energy of the staggered 
conformation of ethane. 


N The idea that certain 
conformations of 
molecules are favored originates 
from the work of J.H. van't Hoff. 
He was also winner of the first 
Nobel Prize in Chemistry (1901) 
for his work in chemical kinetics. 
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Butane 


Helpful Hint 


You should build a molecular 
model of butane and examine its 
various conformations as we 
discuss their relative potential 
energies. 
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hindrance between electron clouds of bonded groups. In the next section we consider a 
conformational analysis of butane, where groups larger than hydrogen are involved in the 
analysis. 


Conformers like these cannot be 
isolated except at extremely 
low temperatures. 


If we consider rotation about the C2— C3 bond of butane, we find that there are six impor- 
tant conformers, shown as I-VI below: 


CH, HCH CH, 


3 
H H CH, H 
H H H 
H CH, H H H 
CH, H 
I II Ш 
An anti An eclipsed A gauche 
conformation conformation conformation 
H,C CH, CH, H CH, 
H CH, 
H H H H 
H H H H H CH, 
H 
IV V VI 
An eclipsed A gauche An eclipsed 


conformation conformation conformation 


The anti conformation (T) does not have torsional strain from steric hindrance because 
the groups are staggered and the methyl groups are far apart. The anti conformation is the 
most stable. The methyl groups in the gauche conformations III and V are close enough 
to each other that the dispersion forces between them are repulsive; the electron clouds of 
the two groups are so close that they repel each other. This repulsion causes the gauche con- 
formations to have approximately 3.8 kJ тој“ ! more energy than the anti conformation. 

The eclipsed conformations (IL, IV, and VI) represent energy maxima in the potential 
energy diagram (Fig. 4.8). Eclipsed conformations II and VI have repulsive dispersion 
forces arising from the eclipsed methyl groups and hydrogen atoms. Eclipsed conforma- 
tion IV has the greatest energy of all because of the added large repulsive dispersion forces 
between the eclipsed methyl groups as compared to II and VI. 

Although the barriers to rotation in a butane molecule are larger than those of an ethane 
molecule (Section 4.8), they are still far too small to permit isolation of the gauche and anti 
conformations at normal temperatures. Only at extremely low temperatures would the 
molecules have insufficient energies to surmount these barriers. 


4.9 Conformational Analysis of Butane M 


H3C CH; 


H H H CH; 
H H 
Eclipsed IV 


H 
CH; 
Eclipsed VI 


| 


16 КЈ тог! 


H 
H,C H H 
Eclipsed 1 


19 kJ тог! 


| 3.8 kJ тог! | 3.8 kJ тог! 


CH, CH, 


Anti I Gauche III Gauche V Anti I 
l l l l l l Figure 4.8 Energy changes 
0° 60° 120° 180° 240° 300° 360° that arise from rotation about 
Rotation the C2— C3 bond of butane. 


We saw earlier (Section 2.16C) that dispersion forces can be attractive. Here, how- 
ever, we find that they can also be repulsive, leading to steric hindrance. Whether 
dispersion interactions lead to attraction or to repulsion depends on the distance 
that separates the two groups. As two nonpolar groups are brought closer and 
closer together, the first effect is one in which a momentarily unsymmetrical 
distribution of electrons in one group induces an opposite polarity in the other. 

The opposite charges induced in those portions of the two groups that are in closest 
proximity lead to attraction between them. This attraction increases to a maximum 
as the internuclear distance of the two groups decreases. The internuclear distance 
at which the attractive force is at a maximum is equal to the sum of what are called 
the van der Waals radii of the two groups. The van der Waals radius of a group is, 
in effect, a measure of its size. If the two groups are brought still closer—closer 
than the sum of their van der Waals radii—the interaction between them becomes 
repulsive. Their electron clouds begin to penetrate each other, and strong 
electron-electron interactions begin to occur. 


4.9A Stereoisomers and Conformational Stereoisomers 


Gauche conformers III and V of butane are examples of stereoisomers. 


6 Stereoisomers have the same molecular formula and connectivity but different 
arrangements of atoms in three-dimensional space. 


€ Conformational stereoisomers are related to one another by bond rotations. 


Conformational analysis is but one of the ways in which we will consider the three- 
dimensional shapes and stereochemistry of molecules. We shall see that there are other types 
of stereoisomers that cannot be interconverted simply by rotations about single bonds. 
Among these are cis-trans cycloalkane isomers (Section 4.13) and others that we shall con- 
sider in Chapter 5. 


Sketch a curve similar to that in Fig. 4.8 showing in general terms the energy changes that Review Problem 4.13 
arise from rotation about the C2— C3 bond of 2-methylbutane. You need not concern 

yourself with the actual numerical values of the energy changes, but you should label all 

maxima and minima with the appropriate conformations. 
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Muscle Action 


Muscle proteins are essentially very long linear molecules 
(folded into a compact shape) whose atoms are connected 
by single bonds in a chainlike fashion. Relatively free rota- 
tion is possible about atoms joined by single bonds, as we 
have seen. In muscles, the cumulative effect of rotations 
about many single bonds is to move the tail of each myosin 
molecule 60 À along the adjacent protein (called actin) in a 
step called the "power stroke." This process occurs over and 
over again as part of a ratcheting mechanism between many 
myosin and actin molecules for each muscle movement. 


Power stroke in muscle 


4.10 The Relative Stabilities of Cycloalkanes: Ring Strain 


Cycloalkanes do not all have the same relative stability. Experiments have shown that cyclo- 
hexane is the most stable cycloalkane and that, in comparison, cyclopropane and cyclobu- 
tane are much less stable. This difference in relative stability is due to ring strain, which 
comprises angle strain and torsional strain. 


6€ Angle strain is the result of deviation from ideal bond angles caused by inherent 
structural constraints (such as ring size). 


H H 6 Torsional strain is the result of dispersion forces that cannot be relieved due to 
restricted conformational mobility. 


4.10A Cyclopropane 


(а) 


The carbon atoms of alkanes аге sp? hybridized. The normal tetrahedral bond angle of an 
sp^-hybridized atom is 109.5°. In cyclopropane (a molecule with the shape of a regular 
triangle), the internal angles must be 60? and therefore they must depart from this ideal 
value by a very large amount—by 49.5?: 


HH 
7 
B 
60° 
на a 
PA WH 
H H 


Angle strain exists in a cyclopropane ring because the sp? orbitals of the carbon atoms 
cannot overlap as effectively (Fig. 4.9a) as they do in alkanes (where perfect end-on overlap 
is possible). The carbon-carbon bonds of cyclopropane are often described as being "bent." 
Orbital overlap is less effective. (The orbitals used for these bonds are not purely sp”; they 
contain more p character.) The carbon-carbon bonds of cyclopropane are weaker, and as a 
result the molecule has greater potential energy. 

While angle strain accounts for most of the ring strain in cyclopropane, it does not account 
for it all. Because the ring is (of necessity) planar, the C—H bonds of the ring are all eclipsed 
(Figs. 4.9b,c), and the molecule has torsional strain from repulsive dispersion forces as well. 


Figure 4.9 (a) Orbital overlap in the carbon-carbon bonds of cyclopropane cannot occur 
perfectly end-on. This leads to weaker "bent" bonds and to angle strain. (b) Bond 
distances and angles in cyclopropane. (c) A Newman projection formula as viewed along 
one carbon-carbon bond shows the eclipsed hydrogens. (Viewing along either of the 
other two bonds would show the same picture.) (d) Ball-and-stick model of cyclopropane. 


4.11 Conformations of Cyclohexane: The Chair and the Boat 


4.108 Cyclobutane 


Cyclobutane also has considerable angle strain. The internal angles are 88°—a departure 
of more than 21? from the normal tetrahedral bond angle. The cyclobutane ring is not pla- 
nar but is slightly “folded” (Fig. 4.10a). If the cyclobutane ring were planar, the angle strain 
would be somewhat less (the internal angles would be 90? instead of 88?), but torsional 
strain would be considerably larger because all eight C—H bonds would be eclipsed. By 
folding or bending slightly the cyclobutane ring relieves more of its torsional strain than it 
gains in the slight increase in its angle strain. 


4.10C Cyclopentane 


The internal angles of a regular pentagon are 108°, a value very close to the normal tetra- 
hedral bond angles of 109.5?. Therefore, if cyclopentane molecules were planar, they would 
have very little angle strain. Planarity, however, would introduce considerable torsional 
strain because all 10 C—H bonds would be eclipsed. Consequently, like cyclobutane, 
cyclopentane assumes a slightly bent conformation in which one or two of the atoms of the 
ring are out of the plane of the others (Fig. 4.105). This relieves some of the torsional strain. 
Slight twisting of carbon-carbon bonds can occur with little change in energy and causes 
the out-of-plane atoms to move into plane and causes others to move out. Therefore, the 
molecule is flexible and shifts rapidly from one conformation to another. With little tor- 
sional strain and angle strain, cyclopentane is almost as stable as cyclohexane. 
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Figure 4.10 (a) The "folded" or 
"bent" conformation of 
cyclobutane. (b) The "bent" or 
"envelope" form of 
cyclopentane. In this structure 
the front carbon atom is bent 
upward. In actuality, the 
molecule is flexible and shifts 
conformations constantly. 


Helpful Hint 


An understanding of this and 
subsequent discussions of 
conformational analysis can be 
aided immeasurably through the 
use of molecular models. We 
suggest you "follow along" with 
models as you read Sections 
4.11-4.13. 


4.11 Conformations of Cyclohexane: The Chair and the Boat 


Cyclohexane is more stable than the other cycloalkanes we have discussed, and it has 
several conformations that are important for us to consider. 


@ The most stable conformation of cyclohexane is the chair conformation. 
@ There is no angle or torsional strain in the chair form of cyclohexane. 


In a chair conformation (Fig. 4.11), all of the carbon-carbon bond angles are 109.5?, 
and are thereby free of angle strain. The chair conformation is free of torsional strain, 


(a) (b) 


Figure 4.11 Representations of the chair conformation of cyclohexane: (a) tube format; (b) ball- 
and-stick format; (c) line drawing; (d) space-filling model of cyclohexane. Notice that there are two 
types of hydrogen substituents—those that project obviously up or down (shown in red) and those 
that lie around the perimeter of the ring in more subtle up or down orientations (shown in black or 
gray). We shall discuss this further in Section 4.12. 
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4 
H CH; H H 


H CH, H 
H H H 
(a) (b) 
Figure 4.12 (а) A Newman projection of the chair conformation of cyclohexane. (Comparisons 
with an actual molecular model will make this formulation clearer and will show that similar 
staggered arrangements are seen when other carbon-carbon bonds are chosen for sighting.) 


(b) Illustration of large separation between hydrogen atoms at opposite corners of the ring 
(designated C1 and C4) when the ring is in the chair conformation. 


as well. When viewed along any carbon-carbon bond (viewing the structure from an end, 
Fig. 4.12), the bonds are seen to be perfectly staggered. Moreover, the hydrogen atoms at 
opposite corners of the cyclohexane ring are maximally separated. 


ө By partial rotations about the carbon-carbon single bonds of the ring, the chair 
conformation can assume another shape called the boat conformation (Fig. 4.13). 


@ The boat conformation has no angle strain, but it does have torsional strain. 


, д 
H 
2 
(b) 
Figure 4.13 (a) The boat conformation of cyclohexane is 
(9 


H 
H 
formed by “flipping” one end of the chair form up (or down). H H 
This flip requires only rotations about carbon-carbon single 
bonds. (b) Ball-and-stick model of the boat conformation. 
(c) A space-filling model of the boat conformation. (a) 


Helpful Hint When a model of the boat conformation is viewed down carbon-carbon bond axes along 
elpful [Tin either side (Fig. 4.14a), the C—H bonds at those carbon atoms are found to be eclipsed, 
You will best appreciate the causing torsional strain. Additionally, two of the hydrogen atoms on C1 and C4 are close 


diff bet the chair and Ў 5 , 
'boatforms of cydokexane'bý- enough to each other to cause van der Waals repulsion (Fig. 4.14b). This latter effect has 


building and manipulating 
molecular models of each. 


HH HH P к 


P EY 
H H 
H— —H 
H СН, H 
H CH, H 
(b) 


(a) 


Figure 4.14 (а) Illustration of the eclipsed conformation of the boat conformation of cyclohexane. 
(b) Flagpole interaction of the C1 and C4 hydrogen atoms of the boat conformation. The C1-C4 
flagpole interaction is also readily apparent in Fig. 4.13c. 
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been called the “flagpole” interaction of the boat conformation. Torsional strain and flag- 
pole interactions cause the boat conformation to have considerably higher energy than the 
chair conformation. 

Although it is more stable, the chair conformation is much more rigid than the boat con- 
formation. The boat conformation is quite flexible. By flexing to a new form—the twist 
conformation (Fig. 4.15)—the boat conformation can relieve some of its torsional strain 
and, at the same time, reduce the flagpole interactions. 


Figure 4.15 (a) Tube model and (b) line 


drawing of the twist conformation of 


(a) (b) cyclohexane. 


© The twist boat conformation has a lower energy than the pure boat conformation, 
but is not as stable as the chair conformation. 


The stability gained by flexing is insufficient, however, to cause the twist conformation of 
cyclohexane to be more stable than the chair conformation. The chair conformation is esti- 
mated to be lower in energy than the twist conformation by approximately 23 kJ тој“ !. 

The energy barriers between the chair, boat, and twist conformations of cyclohexane are 
low enough (Fig. 4.16) to make separation of the conformers impossible at room temper- 
ature. At room temperature the thermal energies of the molecules are great enough to cause 
approximately 1 million interconversions to occur each second. 


6 Because of the greater stability of the chair, more than 99% of the molecules are 
estimated to be in a chair conformation at any given moment. 


Half- Half- 
chair chair 
40 

T 

о 

Е 

~ 

ES 

2 

р -1 

5 45.2 КЈ тої 

o 20 

2 

5 

Ф 

с 30 kJ mor"! 


23 kJ тог! 


0 -en 
МГ“ =<] =c = је ее е 
Chair Half- Twist Boat Twist Half- Chair 
chair boat boat chair 


Figure 4.16 The relative energies of the various conformations of cyclohexane. The positions of 
maximum energy are conformations called half-chair conformations, in which the carbon atoms 
of one end of the ring have become coplanar. 
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Nanoscale Motors and Molecular Switches 


Molecular rings that interlock with one another and com- 
pounds that are linear molecules threaded through rings are 
proving to have fascinating potential for the creation of mol- 
ecular switches and motors. Molecules consisting of interlock- 
ing rings, like a chain, are called catenanes. The first 
catenanes were synthesized in the 1960s and have come to 
include examples such as olympiadane, as mentioned in 
Section 4.11a. Further research by Stoddart (UCLA) and col- 
laborators on interlocking molecules has led to examples such 
as the catenane molecular switch shown here in (i). In an appli- 
cation that could be useful in design of binary logic circuits, 
one ring of this molecule can be made to circumrotate in con- 
trolled fashion about the other, such that it switches between 
two defined states. As a demonstration of its potential for 
application in electronics fabrication, a monolayer of these 
molecules has been "tiled" on a surface (ii) and shown to have 
characteristics like a conventional magnetic memory bit. 
Molecules where a linear molecule is threaded through 
a ring are called rotaxanes. One captivating example of a 


(i) 


(Figures reprinted with permission from Pease 

et al., Accounts of Chemical Research, Vol. 34, no. 
6, pp. 433-444, 2001. Copyright 2001 American 
Chemical Society; and reprinted with permission 
from Ballardini et al., Accounts of Chemical 
Research, Vol. 34, no. 6, pp. 445-455, 2001. 
Copyright 2001 American Chemical Society.) 


(iil) 


rotaxane system is the one shown here in (iii), under devel- 
opment by V. Balzani (University of Bologna) and collabora- 
tors. By conversion of light energy to mechanical energy at 
the molecular level, this rotaxane behaves like a “four 
stroke” shuttle engine. In step (a) light excitation of an elec- 
tron in the P group leads to transfer of the electron to the 
initially +2 A4 group, at which point A4 is reduced to the 
+1 state. Ring R, which was attracted to A4 when it was in 
the +2 state, now slides over to A» in step (b), which remains 
+2. Back transfer of the electron from A4 to P* in step (c) 
restores the +2 state of A4, causing ring R to return to its 
original location in step (d). Modifications envisioned for this 
system include attaching binding sites to R such that some 
other molecular species could be transported from one loca- 
tion to another as R slides along the linear molecule, or link- 
ing R by a springlike tether to one end of the "piston rod" 
such that additional potential and mechanical energy can be 
incorporated in the system. 


(b) 


(d) 


4.12 Substituted Cyclohexanes: Axial and Equatorial Hydrogen Groups 


4.11A Conformations of Higher Cycloalkanes 


Cycloheptane, cyclooctane, and cyclononane and other higher cycloalkanes also exist in 
nonplanar conformations. The small instabilities of these higher cycloalkanes appear to be 
caused primarily by torsional strain and repulsive dispersion forces between hydrogen atoms 
across rings, called transannular strain. The nonplanar conformations of these rings, how- 
ever, are essentially free of angle strain. 

X-Ray crystallographic studies of cyclodecane reveal that the most stable conformation 
has carbon-carbon-carbon bond angles of 117?. This indicates some angle strain. The wide 
bond angles apparently allow the molecules to expand and thereby minimize unfavorable 
repulsions between hydrogen atoms across the ring. 

There is very little free space in the center of a cycloalkane unless the ring is quite large. 
Calculations indicate that cyclooctadecane, for example, is the smallest ring through which 
a —CHsCHsCH».— chain can be threaded. Molecules have been synthesized, however, 
that have large rings threaded on chains and that have large rings that are interlocked like 
links in a chain. These latter molecules are called catenanes: 


o 
cf. 6 oe. 


A catenane 
(n2 18) 


In 1994 J. F. Stoddart and co-workers, then at the University of Birmingham (England), 
achieved a remarkable synthesis of a catenane containing a linear array of five interlocked 
rings. Because the rings are interlocked in the same way as those of the olympic symbol, 
they named the compound olympiadane. 


Derek H. R. Barton 
N (1918-1998) and Odd 

Hassel (1897-1981) 
shared the Nobel Prize in 1969 
“for developing and applying the 
principles of conformation in 
chemistry.” Their work led to 
fundamental understanding of 
not only the conformations of 
cyclohexane rings but also the 
structures of steroids (Section 
23.4) and other compounds 
containing cyclohexane rings. 


4.12 Substituted Cyclohexanes: 
Axial and Equatorial Hydrogen Groups 


The six-membered ring is the most common ring found among nature’s organic molecules. 
For this reason, we shall give it special attention. We have already seen that the chair con- 
formation of cyclohexane is the most stable one and that it is the predominant conforma- 
tion of the molecules in a sample of cyclohexane. 

The chair conformation of a cyclohexane ring has two distinct orientations for the bonds 
that project from the ring. These positions are called axial and equatorial, as shown for cyclo- 
hexane in Fig. 4.17. 


@ The axial bonds of cyclohexane are those that are perpendicular to the average 
plane of the ring. There are three axial bonds on each face of the cyclohexane ring, 
and their orientation (up or down) alternates from one carbon to the next. 


@ The equatorial bonds of cyclohexane are those that extend from the perimeter of 
the ring. The equatorial bonds alternate from slightly up to slightly down in their 
orientation from one carbon to the next. 


@ When a cyclohexane ring undergoes a chair-chair conformational change (a ring 
flip), all of the bonds that were axial become equatorial, and all bonds that were 
equatorial become axial. 


Figure 4.17 The chair 
conformation of cyclohexane. 
Axial hydrogen atoms are shown 
in red, equatorial hydrogens are 
shown in black. 


168 


Figure 4.18 (a) Sets of parallel 
lines that constitute the ring and 
equatorial C —H bonds of the 

chair conformation. (b) The axial 
bonds are all vertical. When the 
vertex of the ring points up, the 
axial bond is up and vice versa. 
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E Axial 
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e • Ф ji Equatorial 


4.12A How to Draw Chair Conformational Structures 


A set of guidelines will help you draw chair conformational structures that are clear and 
that have unambiguous axial and equatorial bonds. 


e@ Notice in Fig. 4.18a that sets of parallel lines define opposite sides of the chair. 
Notice, too, that equatorial bonds are parallel to ring bonds that are one bond away 
from them in either direction. When you draw chair conformational structures, try 
to make the corresponding bonds parallel in your drawings. 


@ When a chair formula is drawn as shown in Fig. 4.18, the axial bonds are all either 
up or down, in a vertical orientation (Fig. 4.185). When a vertex of bonds in the ring 
points up, the axial bond at that position is also up, and the equatorial bond at the same 
carbon is angled slightly down. When a vertex of ring bonds is down, the axial bond at 
that position is also down, and the equatorial bond is angled slightly upward. 


«—— Axial bond up 
«—— Vertex of ring up 


«4— —— Vertex of ring down 
<t— Axial bond down 


(b) 
Now, try to draw some chair conformational structures for yourself that include the 


axial and equatorial bonds. Then, compare your drawings with those here and with actual mod- 
els. You will see that with a little practice your chair conformational structures can be perfect. 


4.12B A Conformational Analysis of Methylcyclohexane 


Now let us consider methylcyclohexane. Methylcyclohexane has two possible chair con- 
formations (Fig. 4.19), and these are interconvertible through the bond rotations that con- 
stitute a ring flip. In one conformation (Fig. 4.19a) the methyl group (with yellow 


4.12 Substituted Cyclohexanes: Axial and Equatorial Hydrogen Groups 


CH; (axial) 


Axial-methyl conformation Equatorial-methyl conformation 


(c) 


hydrogens) occupies an axial position, and in the other the methyl group occupies an equa- 
torial position. 


@ The most stable conformation for a monosubstituted cyclohexane ring (a cyclo- 
hexane ring where one carbon atom bears a group other than hydrogen) is the 
conformation where the substituent is equatorial. 


Studies indicate that the conformation with the equatorial methyl group is more stable 
than the conformation with the axial methyl group by about 7.6 kJ тој ' Thus, in the equi- 
librium mixture, the conformation with the methyl group in the equatorial position is the 
predominant one, constituting about 9596 of the equilibrium mixture. 

The greater stability of methylcyclohexane with an equatorial methyl group can be under- 
stood through an inspection of the two forms as they are shown in Figs. 4.19a-c. 


@ Studies done with models of the two conformations show that when the methyl group 
is axial, it is so close to the two axial hydrogens on the same side of the ring (attached 
to the C3 and C5 atoms) that the dispersion forces between them are repulsive. 


@ This type of steric strain, because it arises from an interaction between an axial 
group on carbon atom 1 and an axial hydrogen on carbon atom 3 (or 5) is called a 
1,3-diaxial interaction. 


© Studies with other substituents show that there is generally less repulsion when 
any group larger than hydrogen is equatorial rather than axial. 


The strain caused by a 1,3-diaxial interaction in methylcyclohexane is the same as 
the strain caused by the close proximity of the hydrogen atoms of methyl groups in 
the gauche form of butane (Section 4.9). Recall that the interaction in gauche- 
butane (called, for convenience, a gauche interaction) causes gauche-butane to be 
less stable than anti-butane by 3.8 kJ тој“ !. The following Newman projections 
will help you to see that the two steric interactions are the same. In the second 


Figure 4.19 (а) The 
conformations of 
methylcyclohexane with the 
methyl group axial (1) and 
equatorial (2). (b) 1,3-Diaxial 
interactions between the two 
axial hydrogen atoms and the 
axial methyl group in the 

axial conformation of 
methylcyclohexane are 

shown with dashed arrows. 
Less crowding occurs in the 
equatorial conformation. 

(c) Space-filling molecular 
models for the axial-methyl and 
equatorial-methyl conformers 
of methylcyclohexane. In the 
axial-methyl conformer the 
methyl group (shown with yellow 
hydrogen atoms) is crowded 

by the 1,3-diaxial hydrogen 
atoms (red), as compared to the 
equatorial-methyl conformer, 
which has no 1,3-diaxial 
interactions with the methyl 


group. 
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(3.8 kJ тог! steric strain) 


Review Problem 4.14 


Figure 4.20 
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(a) Diaxial interactions with the large 
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projection we view axial methylcyclohexane along the C1—C2 bond and see that 
what we call a 1,3-diaxial interaction is simply a gauche interaction between the 
hydrogen atoms of the methyl group and the hydrogen atom at C3: 
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Equatorial methylcyclohexane 


Axial methylcyclohexane 
(more stable by 7.6 kJ mol!) 


(two gauche interactions — 
7.6 kJ тог"! steric strain) 


Viewing methylcyclohexane along the C1— C6 bond (do this with a model) shows 
that it has a second identical gauche interaction between the hydrogen atoms of the 
methyl group and the hydrogen atom at C5. The methyl group of axial methylcy- 
clohexane, therefore, has two gauche interactions and, consequently, it has 7.6 kJ 
mol! of strain. The methyl group of equatorial methylcyclohexane does not have 
a gauche interaction because it is anti to C3 and C5. 


Show by a calculation (using the formula AG? RT In Keq) that a free-energy difference 
of 7.6 kJ тој“ ! between the axial and equatorial forms of methylcyclohexane at 25?C (with 
the equatorial form being more stable) does correlate with an equilibrium mixture in which 
the concentration of the equatorial form is approximately 95%. 


4.12C 1,3-Diaxial Interactions of a tert-Butyl Group 


In cyclohexane derivatives with larger alkyl substituents, the strain caused by 1,3-diaxial 
interactions is even more pronounced. The conformation of tert-butylcyclohexane with the 
tert-butyl group equatorial is estimated to be approximately 21 kJ тој“ ! more stable than 
the axial form (Fig. 4.20). This large energy difference between the two conformations 
means that, at room temperature, 99.99% of the molecules of tert-butylcyclohexane have 
the tert-butyl group in the equatorial position. (The molecule is not conformationally 
“locked,” however; it still flips from one chair conformation to the other.) 


CH3 


He o0 Q— он 


tert-butyl group axial cause the conformation with the 
tert-butyl group equatorial to be the predominant one 
to the extent of 99.99%. (b) Space-filling molecular 
models of tert-butylcyclohexane in the axial (ax) and 
equatorial (eq) conformations, highlighting the 
position of the 1,3-hydrogens (red) and the tert-butyl 
group (shown with yellow hydrogen atoms). 


H СНз 
Equatorial tert-butylcyclohexane 


Axial tert-butylcyclohexane 


4.13 Disubstituted Cycloalkanes: Cis-Trans Isomerism 


(ax) (eq) 
(b) 
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Figure 4.20 (continued) 


4.13 Disubstituted Cycloalkanes: Cis-Trans Isomerism 


The presence of two substituents on different carbons of a cycloalkane allows for the possibil- 
ity of cis-trans isomerism similar to the kind we saw for alkenes in Section 1.13B. These 
cis-trans isomers are also stereoisomers because they differ from each other only in the arrange- 
ment of their atoms in space. Consider 1,2-dimethylcyclopropane (Fig. 4.21) as an example. 


H H H CH; 
CH, CH, CH, 4H 
cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane 
ә "E. 


The planarity of the cyclopropane ring makes the cis-trans isomerism obvious. In the 
first structure the methyl groups are on the same side of the ring; therefore, they are cis. In 
the second structure, they are on opposite sides of the ring; they are trans. 

Cis and trans isomers such as these cannot be interconverted without breaking carbon- 
carbon bonds. They will have different physical properties (boiling points, melting points, and 
so on). As a result, they can be separated, placed in separate bottles, and kept indefinitely. 


Write structures for the cis and trans isomers of (a) 1,2-dichlorocyclopentane and (b) 1,3- 
dibromocyclobutane. (c) Are cis-trans isomers possible for 1,1-dibromocyclobutane? 


4.13A Cis-Trans Isomerism and Conformational Structures 
of Cyclohexanes 
Trans 1,4-Disubstituted Cyclohexanes If we consider dimethylcyclohexanes, the 


structures are somewhat more complex because the cyclohexane ring is not planar. 
Beginning with trans-1,4-dimethylcyclohexane, because it is easiest to visualize, we find 


Figure 4.21 The cis- and trans- 
1,2-dimethylcyclopropane 
isomers. 


Review Problem 4.15 
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Figure 4.22 The two chair 
conformations of trans-1,4- 
dimethylcyclohexane: 
trans-diequatorial and 
trans-diaxial. The 
trans-diequatorial form is 
more stable by 15.2 kJ mol. 
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there are two possible chair conformations (Fig. 4.22). In one conformation both methyl 
groups are axial; in the other both are equatorial. The diequatorial conformation is, as we 
would expect it to be, the more stable conformation, and it represents the structure of at 
least 99% of the molecules at equilibrium. 

That the diaxial form of trans-1,4-dimethylcyclohexane is a trans isomer is easy to see; 
the two methyl groups are clearly on opposite sides of the ring. The trans relationship of 
the methyl groups in the diequatorial form is not as obvious, however. 


CH; 


CH3 H 


trans-Diaxial trans-Diequatorial 


How do we know two groups are cis or trans? A general way to recognize a trans- 
disubstituted cyclohexane is to notice that one group is attached by the upper bond (of the 
two to its carbon) and one by the lower bond: 


Upper 
bond 


Groups are trans 
if one is connected 
by an upper bond 
and the other 
by a lower bond 


Lower 
bond 


trans-1,4-Dimethylcyclohexane 


In a cis 1,4-disubstituted cyclohexane both groups are attached by an upper bond or both 
by a lower bond. For example, 


CH 


Upper 3 Upper 
Groups are cis E SH bond 
if both are connected 
by upper bonds or if | 
both are connected H,C 
by lower bonds H 


cis-1,4-Dimethylcyclohexane 


Cis 1,4-Disubstituted Cyclohexanes cis-1,4-Dimethylcyclohexane exists in two 
equivalent chair conformations (Fig. 4.23). In a cis 1,4-disubstituted cyclohexane, one group 
is axial and the other is equatorial in both of the possible chair conformations. 


CH3 CH3 
H chair-chair H 
ring 
flip 
H3C CH3 
H H 
Equatorial-axial Axial-equatorial 


Figure 4.23 Equivalent conformations of cis-1,4-dimethylcyclohexane. 
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Consider each of the following conformational structures and tell whether each is cis or trans: 
CI H H 


H CI CI 
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CI 


(a) (b) (c) 


ANSWER (a) Each chlorine is attached by the upper bond at its carbon; therefore, both chlorine atoms are on the 
same side of the molecule and this is a cis isomer. This is a cis-1,2-dichlorocyclohexane. (b) Here both chlorine 
atoms are attached by a lower bond; therefore, in this example, too, both chlorine atoms are on the same side of 
the molecule and this, too, is a cis isomer. It is cis-1,3-dichlorocyclohexane. (c) Here one chlorine atom is attached 
by a lower bond and one by an upper bond. The two chlorine atoms, therefore, are on opposite sides of the mole- 
cule, and this is a trans isomer. It is trans-1,2-dichlorocyclohexane. Verify these facts by building models. 


The two conformations of cis 1,4-disubstituted cyclohexanes are not equivalent if one 
group is larger than the other. Consider cis-1-tert-butyl-4-methylcyclohexane: 


ЊЕ сн, 
CH, HC 
CH; ring 
НС flip CH, 
НС 


(More stable because large (Less stable because large 
group is equatorial) group is axial) 


cis-1-tert-Butyl-4-methylcyclohexane 


Here the more stable conformation is the one with the larger group equatorial. This is a 
general principle: 
@ When one ring substituent group is larger than the other and they cannot both be 
equatorial, the conformation with the larger group equatorial will be more stable. 


(a) Write structural formulas for the two chair conformations of cis-1-isopropyl-4-methyl- Review Problem 4.16 
cyclohexane. (b) Are these two conformations equivalent? (c) If not, which would be more 
stable? (d) Which would be the preferred conformation at equilibrium? 


Trans 1,3-Disubstituted Cyclohexanes  frans-1,3-Dimethylcyclohexane is like the 
cis 1,4 compound in that each conformation has one methyl group in an axial position and 
one methyl group in an equatorial position. The following two conformations are of equal 
energy and are equally populated at equilibrium: 


CH, (ax) 


(eq) НАС n 
CH, (ax) з (80) 


trans-1,3-Dimethylcyclohexane 


Equal energy and equally populated conformations 
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The situation is different for trans-1-tert-butyl-3-methylcyclohexane (shown below) 
because the two ring substituents are not the same. Again, we find that the lower energy 
conformation is that with the largest group equatorial. 


H4C CH, 
НС 
„па – 
flip 
CH, 
(More stable because ab (Less stable because large 
group is equatorial) group is axial) 


trans-1-tert-Butyl-3-methylcyclohexane 


Cis 1,3-Disubstituted Cyclohexanes cis-1,3-Dimethylcyclohexane has a conforma- 
tion in which both methyl groups are equatorial and one in which both methyl groups are 
axial. As we would expect, the conformation with both methyl groups equatorial is the 
more stable one. 


Trans 1,2-Disubstituted Cyclohexanes = trans-1,2-Dimethylcyclohexane has a con- 
formation in which both methyl groups are equatorial and one in which both methyl groups 
are axial. As we would expect, the conformation with both methyl groups equatorial 
is the more stable one. 


(eq) 
CH, i 
(eq) 


Н; 
(Diequatorial is much more stable) (Diaxial is much less bs 


trans-1,2-Dimethylcyclohexane 
Cis 1,2-Disubstituted Cyclohexanes cis-1,2-Dimethylcyclohexane has one methyl 


group that is axial and one methyl group that is equatorial in each of its chair conforma- 
tions, thus its two conformations are of equal stability. 


CH, (ax) 
(ax) CH, 
fing 
CH, flip CH, 
avian 29 . (ед) 
(Equatorial-axial) (Axial-equatorial) 


cis-1,2-Dimethylcyclohexane 
Equal energy and equally populated conformations 


Review Problem 4.17 Write a conformational structure for 1-bromo-3-chloro-5-fluorocyclohexane in which all 
the substituents are equatorial. Then write its structure after a ring flip. 


Review Problem 4.18 (a) Write the two conformations of cis-1-tert-butyl-2-methylcyclohexane. (b) Which 
conformer has the lowest potential energy? 
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4.14 Bicyclic and Polycyclic Alkanes 


Many of the molecules that we encounter in our study of organic chemistry contain more 
than one ring (Section 4.4B). One of the most important bicyclic systems is bicyclo 
[4.4.0]decane, a compound that is usually called by its common name, decalin: 


Decalin (bicyclo[4.4.0]decane) 
(carbon atoms 1 and 6 are bridgehead carbon atoms) 


Decalin shows cis-trans isomerism: 


H 
H Helpful Hint 
Chemical Abstracts Service (CAS) 
determines the number of rings by 
the formula S — A + 1 = N, where 
S is the number of single bonds in 
the ring system, A is the number of 
H atoms in the ring system, and N is 


. . . the calculated number of rings 
cis-Decalin trans-Decalin (see Problem 4.30). 


In cis-decalin the two hydrogen atoms attached to the bridgehead atoms lie on the same 
side of the ring; in trans-decalin they are on opposite sides. We often indicate this by writ- 
ing their structures in the following way: 


H 


H 
cis-Decalin trans-Decalin 


Simple rotations of groups about carbon-carbon bonds do not interconvert cis- and trans- 
decalins. They are stereoisomers and they have different physical properties. 

Adamantane is a tricyclic system that contains a three-dimensional array of cyclohexane 
rings, all of which are in the chair form. 


Adamantane 


One goal of research in recent years has been the synthesis of unusual, and sometimes 
highly strained, cyclic hydrocarbons. Among those that have been prepared are the com- 
pounds that follow: 


mb ABB 


Bicyclo[1.1.0]butane Cubane Prismane 
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THE CHEMISTRY ОҒ... 


Elemental Carbon 


Carbon as the pure element exists in several forms that are 
as different from one another as it is possible to imagine. 
Different forms of a pure element are called allotropes. One 
allotrope of pure carbon is the very soft and totally black 
substance called graphite, the main substance at the cen- 
ter of pencils and the main component of charcoal and chim- 
ney soot. Another allotropic form of carbon is diamond, the 
colorless brilliant gem that is the hardest of all substances 
found in nature. Still another allotrope, perhaps the most 
exotic, is called buckminsterfullerene after the inventor of 
the geodesic dome, Buckminster Fuller. 

The different properties of these allotropic forms arise 
from different structural arrangements of the carbon atoms 
in each form, and these arrangements result, in part, from 
different hybridization states of their carbon atoms. The car- 
bon atoms of diamond are all sp? hybridized with tetrahe- 
drally oriented bonds. The structure of diamond is what you 
would get if you extended the structure of adamantane in 
three dimensions. The great hardness of diamond results 
from the fact that the entire diamond crystal is one large 
molecule—a network of interconnecting rings that is held 
together by millions of strong covalent bonds. 

In graphite the carbon atoms are sp? hybridized. Because 
of the trigonal planar orientation of their covalent bonds, the 
carbon atoms of graphite are in sheets. The sheets are actu- 


ally huge molecules consisting of fused benzene rings (see 
below). While all of the covalent bonds of each sheet lie in 
the same plane, the sheets are piled one on another and the 
p orbitals of their benzene rings keep them apart. Although 
these p orbitals interact, their interactions are very weak, 
much weaker than those of covalent bonds, allowing the 
individual sheets to slide past one another and accounting 
for graphite's usefulness as a lubricant. 

Buckminsterfullerene (shown on the next page) is a rep- 
resentative of a new class of carbon compounds discovered 
in 1985 consisting of carbon clusters called fullerenes (see 
Section 14.8C for the story of their discovery and synthesis). 
Buckminsterfullerene (also called a "buckyball") is a hollow 
cluster of 60 carbon atoms, all of which are sp? hybridized, 
and which are joined together in a pattern like the seams of 
a soccer ball. The center of the buckyball is large enough to 
hold an atom of helium or argon, and such compounds are 
known. In the buckyball there are 32 interlocking rings: 20 
are hexagons and 12 are pentagons, producing a highly 
symmetrical molecule. A smaller symmetrical molecule, syn- 
thesized in 1982 by Leo A. Paquette and co-workers at Ohio 
State University, is dodecahedrane. 

One final point: We began this book telling of how all of 
the carbon atoms of the universe are thought to have been 
formed in the interiors of stars and to have been dispersed 


A portion of the diamond structure 


Carbon is shown here in its diamond 
and graphite forms 


A portion of the structure of graphite 
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throughout the universe when some of those stars exploded 
as supernovae. Consider this evidence. Sediments on our 
planet, known to be 251 million years old and which were 
formed at the time of a great extinction caused by the colli- 
sion of a comet with Earth, have been found to contain 
buckyballs with helium atoms in their centers. The isotopic 
ratio of ?He/^He in them is much larger than the ratio in 
ordinary helium found on Earth now, indicating that the helium 
was of extraterrestrial origin. So in these discoveries we have 
fascinating evidence for the origin of elemental carbon and 
how some of it got here. Most carbon atoms were produced 
when Earth was formed billions of years ago. But the carbon Dodecahedrane Buckminsterfullerene 
atoms of the buckyballs found in this sediment, formed 

originally in the interior of a star somewhere in the universe, 

probably made their way here 251 million years ago in a comet 

or meteorite. 


4.15 Chemical Reactions of Alkanes 


Alkanes, as a class, are characterized by a general inertness to many chemical reagents. 
Carbon-carbon and carbon-hydrogen bonds are quite strong; they do not break unless 
alkanes are heated to very high temperatures. Because carbon and hydrogen atoms have 
nearly the same electronegativity, the carbon-hydrogen bonds of alkanes are only slightly 
polarized. As a consequence, they are generally unaffected by most bases. Molecules of 
alkanes have no unshared electrons to offer as sites for attack by acids. This low reactivity 
of alkanes toward many reagents accounts for the fact that alkanes were originally called 
paraffins (parum affinis, Latin: little affinity). 

The term paraffin, however, was probably not an appropriate one. We all know that 
alkanes react vigorously with oxygen when an appropriate mixture is ignited. This combus- 
tion occurs, for example, in the cylinders of automobiles, in furnaces, and, more gently, with 
paraffin candles. When heated, alkanes also react with chlorine and bromine, and they react 
explosively with fluorine. We shall study these reactions in Chapter 10. 


4.16 Synthesis of Alkanes and Cycloalkanes 


A chemical synthesis may require, at some point, the conversion of a carbon-carbon 
double or triple bond to a single bond. Synthesis of the following compound, used as an 
ingredient in some perfumes, is an example. 


„о Y. = TDN 


(used in some perfumes) 


This conversion is easily accomplished by a reaction called hydrogenation. There are sev- 
eral reaction conditions that can be used to carry out hydrogenation, but among the com- 
mon ways is use of hydrogen gas and a solid metal catalyst such as platinum, palladium, 
or nickel. Equations in the following section represent general examples for the hydrogen- 
ation of alkenes and alkynes. 


4.16A Hydrogenation of Alkenes and Alkynes 


Alkenes and alkynes react with hydrogen in the presence of metal catalysts such as nickel, 
palladium, and platinum to produce alkanes. The general reaction is one in which the atoms 
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of the hydrogen molecule add to each atom of the carbon-carbon double or triple bond of 
the alkene or alkyne. This converts the alkene or alkyne to an alkane: 


General Reaction 


S | | | 
Pt, Pd, or Ni СН C pp. H—C—H 
| * i solvent, } H Il +2 H, solvent, H l H 
PA ~ ргеззиге = | Е | ргеѕѕиге ES | E 
Alkene Alkane Alkyne Alkane 


The reaction is usually carried out by dissolving the alkene or alkyne in a solvent such 
as ethyl alcohol (С2Н5ОН), adding the metal catalyst, and then exposing the mixture to 
hydrogen gas under pressure in a special apparatus. One molar equivalent of hydrogen is 
required to reduce an alkene to an alkane. Two molar equivalents are required to reduce an 
alkyne. (We shall discuss the mechanism of this reaction in Chapter 7.) 


Specific Examples 


qna Os 
Ni 
CH;—C=CH, + H, Бс» CH,—C—CH, 
(25°C, 50 atm) l L 
2-Methylpropene Isobutane 
+ hi 
5 EtOH 
(25?C, 1 atm) 
Cyclohexene Cyclohexane 
Pd 
ethyl acetate 
Cyclononyn-6-one Cyclononanone 
Review Problem 4.19 Show the reactions involved for hydrogenation of all the alkenes and alkynes that would 


yield 2-methylbutane. 


4.17 How to Gain Structural Information from Molecular Formulas and the 
Index of Hydrogen Deficiency 


A chemist working with an unknown compound can obtain considerable information 
about its structure from the compound's molecular formula and its index of hydrogen 
deficiency (IHD). 


@ The index of hydrogen deficiency (IHD)* is defined as the difference in the num- 
ber of pairs of hydrogen atoms between the compound under study and an acyclic 
alkane having the same number of carbons. 


Saturated acyclic hydrocarbons have the general molecular formula C,H», + 2. Each dou- 
ble bond or ring reduces the number of hydrogen atoms by two as compared with the 
formula for a saturated compound. Thus each ring or double bond provides one unit of 


*Some organic chemists refer to the index of hydrogen deficiency as the "degree of unsaturation" or "the 
number of double-bond equivalencies.” 
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hydrogen deficiency. For example, 1-ћехепе and cyclohexane have the same molecular 
formula (Сенг) and they are constitutional isomers. 


~~ C 


1-Hexene Cyclohexane 
(Сен) (СеН;:) 


Both 1-hexene and cyclohexane (СН 2) have an index of hydrogen deficiency equal to 1 
(meaning one pair of hydrogen atoms), because the corresponding acyclic alkane is hexane 
(CgH44). 

СеНід = formula of corresponding alkane (hexane) 

Сенг = formula of compound (1-ћехепе or cyclohexane) 

Hə = difference = 1 pair of hydrogen atoms 
Index of hydrogen deficiency — 1 
Alkynes and alkadienes (alkenes with two double bonds) have the general formula 

C, Ho». Alkenynes (hydrocarbons with one double bond and one triple bond) and alkatrienes 
(alkenes with three double bonds) have the general formula C5 Ho, 4, and so forth. 


4 
1,3-Butadiene But-1-en-3-yne 1,3,5-Hexatriene 
IHD = 2 IHD = 3 IHD = 3 


The index of hydrogen deficiency is easily determined by comparing the molecular 
formula of a given compound with the formula for its hydrogenation product. 


€ Each double bond consumes one molar equivalent of hydrogen and counts for one 
unit of hydrogen deficiency. 


€ Each triple bond consumes two molar equivalents of hydrogen and counts for two 
units of hydrogen deficiency. 


@ Rings are not affected by hydrogenation, but each ring still counts for one unit of 
hydrogen deficiency. 


Hydrogenation, therefore, allows us to distinguish between rings and double or triple bonds. 
Consider again two compounds with the molecular formula CgH42: 1-ћехепе and cyclo- 
hexane. 1-Hexene reacts with one molar equivalent of hydrogen to yield hexane; under the 
same conditions cyclohexane does not react: 


ZI SRM NU а НЭ 


Pt ; 
+ Н, Sent no reaction 


Or consider another example. Cyclohexene and 1,3-hexadiene have the same molecu- 
lar formula (C6H49). Both compounds react with hydrogen in the presence of a catalyst, 
but cyclohexene, because it has a ring and only one double bond, reacts with only one molar 
equivalent. 1,3-Hexadiene adds two molar equivalents: 


Pt 


Cyclohexene 


Pt 
P i di + 2H, E FAC n A 


1,3-Hexadiene 
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(a) What is the index of hydrogen deficiency of 2-hexene? (b) Of methylcyclopentane? (c) 
Does the index of hydrogen deficiency reveal anything about the location of the double bond 
in the chain? (d) About the size of the ring? (e) What is the index of hydrogen deficiency 
of 2-hexyne? (f) In general terms, what structural possibilities exist for a compound with 
the molecular formula C49H16? 


Zingiberene, a fragrant compound isolated from ginger, has the molecular formula C45H24 
and is known not to contain any triple bonds. (a) What is the index of hydrogen deficiency 
of zingiberene? (b) When zingiberene is subjected to catalytic hydrogenation using an 
excess of hydrogen, 1 mol of zingiberene absorbs 3 mol of hydrogen and produces a com- 
pound with the formula C45Ha3o. How many double bonds does a molecule of zingiberene 
have? (c) How many rings? 


4.17A Compounds Containing Halogens, Oxygen, or 
Nitrogen 


Calculating the index of hydrogen deficiency (IHD) for compounds other than hydrocar- 
bons is relatively easy. 

For compounds containing halogen atoms, we simply count the halogen atoms as 
though they were hydrogen atoms. Consider a compound with the formula C4HgClo. To 
calculate the IHD, we change the two chlorine atoms to hydrogen atoms, considering the 
formula as though it were C4Hg. This formula has two hydrogen atoms fewer than the for- 
mula for a saturated alkane (C4Hj9), and this tells us that the compound has IHD = 1. It 
could, therefore, have either one ring or one double bond. [We can tell which it has from 
a hydrogenation experiment: If the compound adds one molar equivalent of hydrogen (H2) 
on catalytic hydrogenation at room temperature, then it must have a double bond; if it does 
not add hydrogen, then it must have a ring.] 

For compounds containing oxygen, we simply ignore the oxygen atoms and calcu- 
late the IHD from the remainder of the formula. Consider as an example a compound 
with the formula C4HgO. For the purposes of our calculation we consider the compound 
to be simply C4Hg and we calculate IHD — 1. Again, this means that the compound con- 
tains either a ring or a double bond. Some structural possibilities for this compound are 
shown next. Notice that the double bond may be present as a carbon-oxygen double bond: 


O 
AN Sed ~~ Он ay ee 


O О о 
Г апа ѕо оп 
РР Я H CJ Lt 


For compounds containing nitrogen atoms we subtract one hydrogen for each nitro- 
gen atom, and then we ignore the nitrogen atoms. For example, we treat a compound 
with the formula СаНоМ as though it were C4Hg, and again we get IHD = 1. Some struc- 
tural possibilities are the following: 


NH 
A ~~ “мн, “мн, 0 
| 
М " 


чы Sa ( ) — № and so оп 


24 cm 181 


4.18 Applications of Basic Principles 


Carbonyl groups also count for a unit of hydrogen deficiency. What are the indices of hydro- Review Problem 4.22 
gen deficiency for the reactant and for the product in the equation shown at the beginning 
of Section 4.16 for synthesis of a perfume ingredient? 


4.18 Applications of Basic Principles 
In this chapter we have seen repeated applications of one basic principle in particular: 


Nature Prefers States of Lower Potential Energy This principle underlies our 
explanations of conformational analysis in Sections 4.8—4.13. The staggered conformation 
of ethane (Section 4.8) is preferred (more populated) in a sample of ethane because its poten- 
tial energy is lowest. In the same way, the anti conformation of butane (Section 4.9) and 
the chair conformation of cyclohexane (Section 4.11) are the preferred conformations of 
these molecules because these conformations are of lowest potential energy. 
Methylcyclohexane (Section 4.12) exists mainly in the chair conformation with its methyl 
group equatorial for the same reason. Disubstituted cycloalkanes (Section 4.13) prefer a 
conformation with both substituents equatorial if this is possible, and, if not, they prefer a 
conformation with the larger group equatorial. The preferred conformation in each instance 
is the one of lowest potential energy. 

Another effect that we encounter in this chapter, and one we shall see again and again, 
is how steric factors (spatial factors) can affect the stability and reactivity of molecules. 
Unfavorable spatial interactions between groups are central to explaining why certain con- 
formations are higher in energy than others. But fundamentally this effect is derived itself 
from another familiar principle: like charges repel. Repulsive interactions between the elec- 
trons of groups that are in close proximity cause certain conformations to have higher poten- 
tial energy than others. We call this kind of effect steric hindrance. 


In This Chapter 


One of the reasons we organic chemists love our discipline is that, besides knowing each mol- 
ecule has a family, we also know that each one has its own architecture, “personality,” and 
unique name. You have already learned in Chapters 1—3 about molecular personalities with 
regard to charge distribution, polarity, and relative acidity or basicity. In this chapter you have 
now learned how to give unique names to simple molecules using the IUPAC system. You 
also learned more about the overall shapes of organic molecules, how their shapes can change 
through bond rotations, and how we can compare the relative energies of those changes using 
conformational analysis. You now know that the extent of flexibility or rigidity in a molecule 
has to do with the types of bonds present (single, double, triple), and whether there are rings 
or bulky groups that inhibit bond rotation. Some organic molecules are very flexible mem- 
bers of the family, such as the molecules in our muscle fibers, while others are very rigid, like 
the carbon lattice of diamond. Most molecules, however, have both flexible and rigid aspects 
to their structures. With the knowledge from this chapter, added to other fundamentals you 
have already learned, you are on your way to developing an understanding of organic chem- 
istry that we hope will be as strong as diamonds, and that you can flex like a muscle when 
you approach a problem. When you are finished with this chapter's homework, maybe you 
can even take a break by resting your mind on the chair conformation of cyclohexane. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the L 
accompanying WileyPLUS course (www.wileyplus.com). 
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Problems 


(Ato s Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 


4.23 


4.24 


4.25 
4.26 


4.27 


4.28 


4.29 


4.30 


4.31 


4.32 


teaching and learning solution program. 


NOMENCLATURE AND ISOMERISM 


Write a bond-line formula for each of the following compounds: 


(a) 1,4-Dichloropentane (f) 1,1-Dichlorocyclopentane (k) 1,4-Dicyclopropylhexane 
(b) sec-Butyl bromide (g) cis-1,2-Dimethylcyclopropane (I) Neopentyl alcohol 

(c) 4-Isopropylheptane (h) trans-1,2-Dimethylcyclopropane (m) Bicyclo[2.2.2]octane 
(d) 2,2,3-Trimethylpentane (i) 4-Methyl-2-pentanol (n) Bicyclo[3.1.1]heptane 
(e) 3-Ethyl-2-methylhexane (j) trans-A-Isobutylcyclohexanol (о) Cyclopentylcyclopentane 


Give systematic IUPAC names for each of the following: 
Br 


The name sec-butyl alcohol defines a specific structure but the name sec-pentyl alcohol is ambiguous. Explain. 


Write the structure and give the IUPAC systematic name of an alkane or cycloalkane with the formulas (a) CgHig 
that has only primary hydrogen atoms, (b) СН that has only secondary hydrogen atoms, (c) CgH 2 that has only 
primary and secondary hydrogen atoms, and (d) CgH44 that has 12 secondary and 2 tertiary hydrogen atoms. 


Write the structure(s) of the simplest alkane(s), i.e., one(s) with the fewest number of carbon atoms, wherein each 
possesses primary, secondary, tertiary, and quaternary carbon atoms. (A quaternary carbon is one that is bonded to 
four other carbon atoms.) Assign an IUPAC name to each structure. 


Ignoring compounds with double bonds, write structural formulas and give names for all of the isomers with the 
formula C5Hi10. 

Write structures for the following bicyclic alkanes: 

(a) Bicyclo[1.1.0]butane (c) 2-Chlorobicyclo[3.2.0]heptane 

(b) Bicyclo[2.1.0]pentane (d) 7-Methylbicyclo[2.2.1]heptane 


Use the $— А + 1 = N method (Helpful Hint, Section 4.14) to determine the number of rings in cubane 
(Section 4.14). 


A spiro ring junction is one where two rings that share no bonds originate from a single carbon atom. Alkanes con- 
taining such a ring junction are called spiranes. 


(a) For the case of bicyclic spiranes of formula C7H42, write structures for all possibilities where all carbons are 
incorporated into rings. 


(b) Write structures for other bicyclic molecules that fit this formula. 


Tell what is meant by an homologous series and illustrate your answer by writing structures for an homologous 
series of alkyl halides. 


4.33 


4.34 


4.35 


4.36 


4.37 


4.38 


4.39 


4.40 


4.41 


4.42 


4.43 


4.44 


4.45 


4.46 


183 


Problems 


HYDROGENATION 


Four different cycloalkenes will all yield methylcyclopentane when subjected to catalytic hydrogenation. What are 
their structures? Show the reactions. 


(a) Three different alkenes yield 2-methylbutane when they are hydrogenated in the presence of a metal catalyst. 
Give their structural formulas and write equations for the reactions involved. (b) One of these alkene isomers has 
characteristic absorptions at approximately 998 and 914 cm ^! in its IR spectrum. Which one is it? 


An alkane with the formula CgH44 can be prepared by hydrogenation of either of two precursor alkenes having the 
formula CgH42. Write the structure of this alkane, give its IUPAC name, and show the reactions. 


CONFORMATIONS AND STABILITY 


Rank the following compounds in order of increasing stability based on 
relative ring strain. р? Ss 


Write the structures of two chair conformations of 1|-tert-butyl-1-methylcyclohexane. Which conformation is more 
stable? Explain your answer. 


Sketch curves similar to the one given in Fig. 4.8 showing the energy changes that arise from rotation about the 
C2—C3 bond of (a) 2,3-dimethylbutane and (b) 2,2,3,3-tetramethylbutane. You need not concern yourself with 
actual numerical values of the energy changes, but you should label all maxima and minima with the appropriate 
conformations. 


Without referring to tables, decide which member of each of the following pairs would have the higher boiling 
point. Explain your answers. 


(a) Pentane or 2-methylbutane (c) Propane or 2-chloropropane (e) Butane or СНАСОСНа 
(b) Heptane or pentane (d) Butane or 1-propanol 


One compound whose molecular formula is C4Hg is a bicyclic compound. Another compound with the same for- 
mula has an infrared absorption at roughly 2250 ст”! (the bicyclic compound does not). Draw structures for each 
of these two compounds and explain how the IR absorption allows them to be differentiated. 


Which compound would you expect to be the more stable: cis-1,2-dimethylcyclopropane or trans-1,2-dimethylcy- 
clopropane? Explain your answer. 


Consider that cyclobutane exhibits a puckered geometry. Judge the relative stabilities of the 1,2-disubstituted cyclobu- 
tanes and of the 1,3-disubstituted cyclobutanes. (You may find it helpful to build handheld molecular models of 
representative compounds.) 


Write the two chair conformations of each of the following and in each part designate which conformation would 
be the more stable: (a) cis-1-tert-butyl-3-methylcyclohexane, (b) trans-1-tert-butyl-3-methylcyclohexane, (c) trans- 
1-tert-butyl-4-methylcyclohexane, (d) cis-1-tert-butyl-4-methylcyclohexane. 


Provide an explanation for the surprising fact that all-trans-1,2,3,4,5,6-hexaisopropylcyclohexane is a stable mol- 
ecule in which all isopropyl groups are axial. (You may find it helpful to build a handheld molecular model.) 


trans-1,3-Dibromocyclobutane has a measurable dipole moment. Explain how this proves that the cyclobutane ring 
is not planar. 


SYNTHESIS 


Specify the missing compounds and/or reagents in each of the following syntheses: 


k 
(a) trans-5-Methyl-2-hexene ——> 2-methylhexane (b) Ва I Ox 


(c) Chemical reactions rarely yield products in such initially pure form that no trace can be found of the starting 
materials used to make them. What evidence in an IR spectrum of each of the crude (unpurified) products from 
the above reactions would indicate the presence of one of the organic reactants used to synthesize each target 
molecule? That is, predict one or two key IR absorptions for the reactants that would distinguish it/them from 
IR absorptions predicted for the product. 


ђ 
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Challenge Problems 
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Consider the cis and trans isomers of 1,3-di-tert-butylcyclohexane (build molecular models). What unusual feature 
accounts for the fact that one of these isomers apparently exists in a twist boat conformation rather than a chair 
conformation? 


Using the rules found in this chapter, give systematic names for the following or indicate that more rules need to 
be provided: 


Hee pe 9 „а 
(а) l l (b) (е) (9) 
F^ “Br Brí ^F 


Open the energy-minimized 3D Molecular Models on the book's website for trans-1-tert-butyl-3-methylcyclohexane 
and trans-1,3-di-tert-butylcyclohexane. What conformations of cyclohexane do the rings in these two compounds 
resemble most closely? How can you account for the difference in ring conformations between them? 


Open the 3D Molecular Models on the book's website for cyclopentane and vitamin Bj». Compare cyclopentane 
with the nitrogen-containing five-membered rings in vitamin В 2. Is the conformation of cyclopentane represented 
in the specified rings of vitamin В122 What factor(s) account for any differences you observe? 


Open the 3D Molecular Model on the book’s website for buckminsterfullerene. What molecule has its type of ring 
represented 16 times in the surface of buckminsterfullerene? 


Learning Group Problems 


1. 
ја 
a " 

2. 

3. 

4. 


This is the predominant conformation for p-glucose: 


Why is it not surprising that D-glucose is the most commonly found sugar in nature? (Hint: Look up structures for 
sugars such as D-galactose and D-mannose, and compare these with D-glucose.) 


Using Newman projections, depict the relative positions of the substituents on the bridgehead atoms of cis- and 
trans-decalin. Which of these isomers would be expected to be more stable, and why? 


When 1,2-dimethylcyclohexene (below) is allowed to react with hydrogen in the presence of a platinum catalyst, the 
product of the reaction is a cycloalkane that has a melting point of —50°C and a boiling point of 130°C (at 760 torr). 
(a) What is the structure of the product of this reaction? (b) Consult an appropriate resource (such as the web or a 
CRC handbook) and tell which stereoisomer it is. (c) What does this experiment suggest about the mode of addition 
of hydrogen to the double bond? 


1,2-Dimethylcyclohexene 


When cyclohexene is dissolved in an appropriate solvent and allowed to react with chlorine, the product of the reac- 
tion, СеН о СЊ, has a melting point of —7°C and a boiling point (at 16 torr) of 74°C. (a) Which stereoisomer is 
this? (b) What does this experiment suggest about the mode of addition of chlorine to the double bond? 
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Stereochemistry 


Chiral Molecules 
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We are all aware of the fact that certain everyday objects such as gloves and shoes possess the quality of "hand- 
edness." A right-handed glove only fits a right hand; a left-handed shoe only fits a left foot. Objects that can 
exist in right-handed and left-handed forms are said to be chiral. In this chapter we shall find that molecules 
can also be chiral and can exist in right- and left-handed forms. For example, one chiral form of the molecule 
shown above is a painkiller (Darvon), and the other, a cough suppressant (Novrad)! It is easy to see why it is 
important to understand chirality in molecules. 


5.1 Chirality and Stereochemistry 


The glass and its mirror 
image are superposable. 
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Chirality is a phenomenon that pervades the universe. How can we know whether a par- 
ticular object is chiral or achiral (not chiral)? 


€ We can tell if an object has chirality by examining the object and its mirror image. 


Every object has a mirror image. Many objects are achiral. By this we mean that the 
object and its mirror image are identical, that is, the object and its mirror image are super- 
posable one on the other.* Superposable means that one can, in one's mind's eye, place 
one object on the other so that all parts of each coincide. Simple geometrical objects such 
as a sphere or a cube are achiral. So is an object like a water glass. 


9 A chiral object is one that cannot be superposed on its mirror image. 


*To be superposable is different than to be superimposable. Any two objects can be superimposed simply by 
putting one object on top of the other, whether or not the objects are the same. To superpose two objects (as 
in the property of superposition) means, on the other hand, that all parts of each object must coincide. 
The condition of superposability must be met for two things to be identical. 


5.1 Chirality and Stereochemistry 


Figure 5.1 The mirror image of a right Figure 5.2 Left and right hands аге not 
hand is a left hand. superposable. 


Each of our hands is chiral. When you view your right hand in a mirror, the image that 
you see in the mirror is a left hand (Fig. 5.1). However, as we see in Fig. 5.2, your left hand 
and your right hand are not identical because they are not superposable. Your hands are 
chiral. In fact, the word chiral comes from the Greek word cheir meaning hand. An object 
such as a mug may or may not be chiral. If it has no markings on it, it is achiral. If the mug 
has a logo or image on one side, it is chiral. 


This mug is chiral. 


5.1A The Biological Significance of Chirality 


The human body is structurally chiral, with the heart lying to the left of center and the liver 
to the right. Helical seashells are chiral and most are spiral, such as a right-handed screw. 
Many plants show chirality in the way they wind around supporting structures. Honeysuckle 
winds as a left-handed helix; bindweed winds in a right-handed way. DNA is a chiral 
molecule. The double helical form of DNA turns in a right-handed way. 

Chirality in molecules, however, involves more than the fact that some molecules adopt left- 
or right-handed conformations. As we shall see in this chapter, it is the nature of groups bonded 
at specific atoms that can bestow chirality on a molecule. Indeed, all but one of the 20 amino 
acids that make up naturally occurring proteins are chiral, and all of these are classified as being 
left-handed. The molecules of natural sugars are almost all classified as being right-handed. In 
fact, most of the molecules of life are chiral, and most are found in only one mirror image form.* 


* For interesting reading, see Hegstrum, R. A.; Kondepudi, D. K. The Handedness of the Universe. Sci. Am. 
1990, 262(1), 98-105, and Horgan, J. The Sinister Cosmos. Sci. Am. 1997, 276(5), 18-19. 
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Bindweed (top photo) 
(Convolvulus sepium) winds in a 
right-handed fashion, like the 
right-handed helix of DNA. 
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Chapter 5 Stereochemistry 


Chirality has tremendous importance in our daily lives. Most pharmaceuticals are chiral. 
Usually only one mirror-image form of a drug provides the desired effect. The other mirror- 
image form is often inactive or, at best, less active. In some cases the other mirror-image form 
of a drug actually has severe side effects or toxicity (see Section 5.5 regarding thalidomide). 
Our senses of taste and smell also depend on chirality. As we shall see, one mirror-image 
form of a chiral molecule may have a certain odor or taste while its mirror image smells and 
tastes completely different. The food we eat is largely made of molecules of one mirror-image 
form. If we were to eat food that was somehow made of molecules with the unnatural mirror- 
image form, we would likely starve because the enzymes in our bodies are chiral and 
preferentially react with the natural mirror-image form of their substrates. 

Let us now consider what causes some molecules to be chiral. To begin, we will return 
to aspects of isomerism. 


5.2 Isomerism: Constitutional Isomers and Stereoisomers 


5.2A Constitutional Isomers 


Isomers are different compounds that have the same molecular formula. In our study thus far, 
much of our attention has been directed toward isomers we have called constitutional isomers. 


6 Constitutional isomers have the same molecular formula but different connectiv- 
ity, meaning that their atoms are connected in a different order. Examples of con- 
stitutional isomers are the following: 


MOLECULAR 
FORMULA CONSTITUTIONAL ISOMERS 
С.Н, Sores, and p 
Butane 2-Methylpropane 
сна SG ai I 
1-Chloropropane 2-Chloropropane 
C,H,,O а. ӘН апа Ew Р 
1-Butanol Diethyl ether 


5.2B Stereoisomers 
Stereoisomers are not constitutional isomers. 


6 Stereoisomers have their atoms connected in the same sequence (the same consti- 
tution), but they differ in the arrangement of their atoms in space. The considera- 
tion of such spatial aspects of molecular structure is called stereochemistry. 


We have already seen examples of some types of stereoisomers. The cis and trans forms 
of alkenes are stereoisomers (Section 1.13B), as are the cis and trans forms of substituted 
cyclic molecules (Section 4.13). 


5.2C Enantiomers and Diastereomers 


Stereoisomers can be subdivided into two general categories: those that are enantiomers 
of each other, and those that are diasteromers of each other. 


ө Enantiomers are stereoisomers whose molecules are nonsuperposable mirror 
images of each other. 


5.2 Isomerism: Constitutional Isomers and Stereoisomers 


All other stereoisomers are diastereomers. 


ө Diastereomers are stereoisomers whose molecules are not mirror images of 
each other. 


The alkene isomers cis- and trans-1,2-dichloroethene shown here are stereoisomers that 
are diastereomers. 


Cl H id 

CI H H CI 
cis-1,2-Dichloroethene _ trans-1,2-Dichloroethene 

(C,H,Cl,) (C,H,Cl,) 


By examining the structural formulas for cis- and trans-1,2-dichloroethene, we see that they 
have the same molecular formula (C2H2Clo2) and the same connectivity (both compounds 
have two central carbon atoms joined by a double bond, and both compounds have one chlo- 
rine and one hydrogen atom attached to each carbon atom). But, their atoms have a differ- 
ent arrangement in space that is not interconvertible from one to another (due to the large 
barrier to rotation of the carbon-carbon double bond), making them stereoisomers. 
Furthermore, they are stereoisomers that are not mirror images of each other; therefore they 
are diastereomers and not enantiomers. 

Cis and trans isomers of cycloalkanes furnish us with another example of stereoisomers 
that are diastereomers. Consider the following two compounds: 


H H H Me 
cis-1,2-Dimethylcyclopentane trans-1,2-Dimethylcyclopentane 
(С.Н а) (С.Н, д) 


These two compounds have the same molecular formula (С7Н д), the same sequence of 
connections for their atoms, but different arrangements of their atoms in space. In one com- 
pound both methyl groups are bonded to the same face of the ring, while in the other com- 
pound the two methyl groups are bonded to opposite faces of the ring. Furthermore, the 
positions of the methyl groups cannot be interconverted by conformational changes. 
Therefore, these compounds are stereoisomers, and because they are stereoisomers that are 
not mirror images of each other, they can be further classified as diastereomers. 

In Section 5.12 we shall study other molecules that can exist as diastereomers but are 
not cis and trans isomers of each other. First, however, we need to consider enantiomers 
further. 


SUBDIVISION OF ISOMERS 


ISOMERS 
(Different compounds with 
same molecular formula) 


Constitutional isomers Stereoisomers 
(Isomers whose atoms have a (Isomers that have the same connectivity 
different connectivity) but that differ in the arrangement of 
their atoms in space) 


Enantiomers Diastereomers 
(Stereoisomers that are nonsuperposable (Stereoisomers that are not 
mirror images of each other) mirror images of each other) 
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5.3 Enantiomers and Chiral Molecules 


Review Problem 5.1 


Helpful Hint 


Working with models is a 
helpful study technique whenever 
three-dimensional aspects of 
chemistry are involved. 


Review Problem 5.2 


H, „он 
e. 
I 


Enantiomers always have the possibility of existing in pairs. We may not always find 
that nature (or a reaction) has produced a pair of enantiomers, however. In fact, in nature 
we often find only one enantiomer of the two that are possible. We shall find out later why 
this is often the case. Typically, when we carry out a chemical reaction, we find that the 
reaction produces a pair of enantiomers. Again, we will explain later why this occurs. 
What structural feature must be present for two molecules to exist as enantiomers? 


9 Enantiomers occur only with compounds whose molecules are chiral. 
How do we recognize a chiral molecule? 

9 A chiral molecule is one that is not superposable on its mirror image. 
What is the relationship between a chiral molecule and its mirror image? 

ө The relationship is one that is enantiomeric. A chiral molecule and its mirror 


image are said to be enantiomers of each other. 


Classify each of the following objects as to whether it is chiral or achiral: 


(a) A screwdriver (d) A tennis shoe (g) A car 
(b) A baseball bat (e) An ear (h) A hammer 
(c) A golf club (f) A woodscrew 


The chirality of molecules can be demonstrated with relatively simple compounds. 


Consider, for example, 2-butanol: 


OH 
2-Butanol 


Until now, we have presented the formula for 2-butanol as though it represented only one 
compound and we have not mentioned that molecules of 2-butanol are chiral. Because they 
are, there are actually two different 2-butanols and these two 2-butanols are enantiomers. 
We can understand this if we examine the drawings and models in Fig. 5.3. 

If model I is held before a mirror, model П is seen in the mirror and vice versa. Models 
I and П are not superposable on each other; therefore, they represent different, but isomeric, 
molecules. Because models I and II are nonsuperposable mirror images of each other, 
the molecules that they represent are enantiomers. 


Construct handheld models of the 2-butanols represented in Fig. 5.3 and demonstrate for 
yourself that they are not mutually superposable. (a) Make similar models of 2-bromo- 
propane. Are they superposable? (b) Is a molecule of 2-bromopropane chiral? (c) Would 
you expect to find enantiomeric forms of 2-bromopropane? 


a, 


(b) (c) 


Figure 5.3 (a) Three-dimensional drawings of the 2-butanol enantiomers I and II. (b) Models of 
the 2-butanol enantiomers. (c) An unsuccessful attempt to superpose models of I and II. 
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5.4 A Single Chirality Center Causes a Molecule to Be Chiral 


What structural feature can we use to know when to expect the possible existence of a pair 
of enantiomers? 


@ One way (but not the only way) is to recognize that a pair of enantiomers is 
always possible for molecules that contain a single tetrahedral atom with four 
different groups attached to it. 


Traditionally such atoms have been called asymmetric atoms, or stereogenic atoms, or stere- 
ocenters. In 1996, however, the IUPAC recommended that such atoms be called chirality 
centers, and this is the usage that we shall follow in this text.* It is also important to state 
that chirality is a property of the molecule as a whole, and that a chirality center is a struc- 
tural feature that can cause a molecule to be chiral. 

Chirality centers are often designated with an asterisk (*). In 2-butanol the chirality cen- 
ter is C2 (Fig. 5.4). The four different groups that are attached to C2 are a hydroxyl group, 
a hydrogen atom, a methyl group, and an ethyl group. 

An ability to find chirality centers in structural formulas will help us in recognizing mol- 
ecules that are chiral, and that can exist as enantiomers. The presence of a single chiral- 
ity center in a molecule guarantees that the molecule is chiral and that enantiomeric 
forms are possible. However, as we shall see in Section 5.12, there are molecules with more 
than one chirality center that are not chiral, and there are molecules that do not contain a 
chirality center that are chiral. 

Figure 5.5 demonstrates that enantiomeric compounds can exist whenever a molecule 


contains a single chirality center. ђ 
1 21, 4 
(methyl) CH, CHCH, (ethyl) 
OH 
(hydroxyl) 
Figure 5.4 The tetrahedral 
carbon atom of 2-butanol that 
bears four different groups. [By 
convention, chirality centers are 
often designated with an 
asterisk (*).] 


(hydrogen) 


Mirror IV 
(a) 


Mirror 


Figure 5.5 А demonstration of 
chirality of a generalized 
molecule containing one chirality 
center. (a) The four different 
groups around the carbon atom 
in III and IV are arbitrary. (b) III 
is rotated and placed in front of 
a mirror. III and IV are found to 
be related as an object and its 


Ш 


mirror image. (c) Ш and IV are 
(rotated) i not superposable; therefore, the 
molecules that they represent 
(b) (с) are chiral and are enantiomers. 


*The 1996 IUPAC recommended usage can be found at http://www.chem.qmw.ac.uk/iupac/stereo. 
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Helpful Hint 


Interchanging two groups of a 
model or three-dimensional 
formula is a useful test for 
determining whether structures 
of two chiral molecules are the 
same or different. 


Review Problem 5.3 


Chapter 5 Stereochemistry 


An important property of enantiomers with a single chirality center, such as 2-butanol, 
is that interchanging any two groups at the chirality center converts one enantiomer into 
the other. In Fig. 5.3b it is easy to see that interchanging the methyl and ethyl groups con- 
verts one enantiomer into the other. You should now convince yourself that interchanging 
any other two groups has the same result. 


@ Any atom at which an interchange of groups produces а stereoisomer is called a stere- 
ogenic center. (If the atom is a carbon atom it is usually called a stereogenic carbon.) 


When we discuss interchanging groups like this, we must take care to notice that what 
we are describing is something we do to a molecular model or something we do on paper. 
An interchange of groups in a real molecule, if it can be done, requires breaking covalent 
bonds, and this is something that requires a large input of energy. This means that enan- 
tiomers such as the 2-butanol enantiomers do not interconvert spontaneously. 

The chirality center of 2-butanol is one example of a stereogenic center, but there are 
stereogenic centers that are not chirality centers. The carbon atoms of cis-1,2-dichloroethene 
and of trans-1,2-dichloroethene (Section 5.2c) are stereogenic centers because an inter- 
change of groups at either carbon atom produces the other stereoisomer. The carbon atoms 
of cis-1,2-dichloroethene and trans-1,2-dichloroethene are not chirality centers, however, 
because they do not have four different groups attached to them. 


Demonstrate the validity of what we have represented in Fig. 5.5 by constructing models. 
Demonstrate for yourself that III and IV are related as an object and its mirror image and 
that they are not superposable (i.e., that III and IV are chiral molecules and are enan- 
tiomers). (a) Take IV and exchange the positions of any two groups. What is the new rela- 
tionship between the molecules? (b) Now take either model and exchange the positions of 
any two groups. What is the relationship between the molecules now? 


If all of the tetrahedral atoms in a molecule have two or more groups attached that are 
the same, the molecule does not have a chirality center. The molecule is superposable on 
its mirror image and is achiral. An example of a molecule of this type is 2-propanol; 
carbon atoms 1 and 3 bear three identical hydrogen atoms and the central atom bears two 
identical methyl groups. If we write three-dimensional formulas for 2-propanol, we find 
(Fig. 5.6) that one structure can be superposed on its mirror image. 


1 
HQ, H 
dh d i Н OH HOSSH 
Figure 5.6 (а) 2-Propanol (V) and its mirror H3C CH3 i s oe не CHs 
image (VI). (b) When either one is rotated, the H3C CH3 
two structures are superposable and so do not y Mirror VI VI 
represent enantiomers. They represent two (a) (b) 


molecules of the same compound. 2-Propanol 


does not have a chirality center. 


Solved Problem 5.1 


therefore А 
Superposable ——— —» Мої enantiomers 


Thus, we would not predict the existence of enantiomeric forms of 2-propanol, and 
experimentally only one form of 2-propanol has ever been found. 


Does 2-bromopentane have a chirality center? If so, write three-dimensional structures for each enantiomer. 


STRATEGY AND ANSWER First we write a struc- Remember: There is The chirality 
tural formula for the molecule and look for a carbon a'hydrogeninere: center 
atom that has four different groups attached to it. In у 
this case, carbon 2 has four different groups: a hydro- Quse or CH4CHCH;CH;CH; 
gen, a methyl group, a bromine, and a propyl group. Br | 

r 


Thus, carbon 2 is a chirality center. 


2-Bromopentane 


5.4 A Single Chirality Center Causes a Molecule to Be Chiral 


The enantiomers are 


HC. -CH2CH2CH; 


Pu 


ric D ds 
н“ "Br Br, 'H 


Mirror images 


Some of the molecules listed here have a chirality center; some do not. Write three-dimensional 
formulas for both enantiomers of those molecules that do have a chirality center. 


(i) 2-Methyl-2-pentene 
(j) 1-Chloro-2-methylbutane 


(a) 2-Fluoropropane (e) trans-2-Butene 
(b) 2-Methylbutane 
(c) 2-Chlorobutane 


(d) 2-Methyl-1-butanol 


(f) 2-Bromopentane 
(g) 3-Methylpentane 
(h) 3-Methylhexane 


5.4A Tetrahedral versus Trigonal Stereogenic Centers 


It is important to clarify the difference between stereogenic centers, in general, and a chiral- 
ity center, which is one type of stereogenic center. The chirality center in 2-butanol is a tetra- 
hedral stereogenic center. The carbon atoms of cis- and trans-1,2-dichloroethene are also 
stereogenic centers, but they are trigonal stereogenic centers. They are nof chirality centers. 
An interchange of groups at the alkene carbons of either 1,2-dichloroethene isomer produces 
a stereoisomer (a molecule with the same connectivity but a different arrangement of atoms 
in space), but it does not produce a nonsuperposable mirror image. A chirality center, on the 


= 
A 


Review Problem 5.4 


other hand, is one that must have the possibility of nonsuperposable mirror images. 


9 Chirality centers are tetrahedral stereogenic centers. 


6 Cis and trans alkene isomers contain trigonal stereogenic centers. 


The amino acids that make up our proteins possess "hand- 
edness." They are chiral. Although both mirror image forms 
are possible, such as those shown below for the amino acid 
alanine, life on Earth involves amino acids whose chirality is 
“left-handed” (designated 1). The reason that most amino 
acids are of the left-handed form is not known, however. 

In the absence of an influence that possesses handedness 
such as a living system, chemical reactions produce an equal 
mixture of both mirror-image forms. Since almost all theories 
about the origin of life presume that amino acids and other 
molecules central to life were present before self-replicating 


E 


Alanine enantiomers 


THE CHEMISTRY OF... 


Life's Molecular Handedness 


organisms came into being, it was assumed that they were pre- 
sent in equal mirror-image forms in the primordial soup. 

But could the mirror-image forms of these molecules actu- 
ally have been present in unequal amounts before life began, 
leading to some sort of preference as life evolved? A mete- 
orite discovered in 1970, known as the Murchison meteorite, 
fueled speculation about this topic. Analysis of the meteorite 
showed that amino acids and other complex molecules asso- 
ciated with life were present, proving that molecules required 
for life could arise outside the confines of Earth. Even more 
interesting, recent experiments have shown that a 7-9% 
excess of four L-amino acids is present in the Murchison mete- 
orite. The origin of this unequal distribution is uncertain, but 
some scientists speculate that electromagnetic radiation emit- 
ted in a corkscrew fashion from the poles of spinning neutron 
stars could lead to a bias of one mirror-image isomer over 
another when molecules form in interstellar space. 
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5.5 More about the Biological Importance of Chirality 


The origin of biological properties relating to chirality is often likened to the specificity of 
our hands for their respective gloves; the binding specificity for a chiral molecule (like a 
hand) at a chiral receptor site (a glove) is only favorable in one way. If either the molecule 
or the biological receptor site had the wrong handedness, the natural physiological response 
(e.g., neural impulse, reaction catalysis) would not occur. A diagram showing how only 
one amino acid in a pair of enantiomers can interact in an optimal way with a hypotheti- 
cal binding site (e.g., in an enzyme) is shown in Fig. 5.7. Because of the chirality center 
of the amino acid, three-point binding can occur with proper alignment for only one of the 
two enantiomers. 
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Figure 5.7 Only one of the two \ # 


amino acid enantiomers shown 


(the left-hand one) can achieve -— 
three-point binding with the "3 D. 


hypothetical binding site (e.g., in 
an enzyme). 


Chiral molecules can show their handedness in many ways, including the way they affect 
human beings. One enantiomeric form of a compound called limonene (Section 23.3) is pri- 
marily responsible for the odor of oranges and the other enantiomer for the odor of lemons. 


У: OV OL] 


(+)-Limonene (-)-Limonene 
(the enantiomer (the enantiomer 
of limonene found of limonene found 
in oranges) in lemons) 


One enantiomer of a compound called carvone (Review Problem 5.14) is the essence of 
caraway, and the other is the essence of spearmint. 

The activity of drugs containing chirality centers can similarly vary between enantiomers, 
sometimes with serious or even tragic consequences. For several years before 1963 the drug 
thalidomide was used to alleviate the symptoms of morning sickness in pregnant women. 
In 1963 it was discovered that thalidomide was the cause of horrible birth defects in many 
children born subsequent to the use of the drug. 


TOUS 
а е.ә, 


Thalidomide (Thalomid9) 
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5.6 How to Test for Chirality: Planes of Symmetry 


Even later, evidence began to appear indicating that whereas one of the thalidomide enan- 
tiomers (the right-handed molecule) has the intended effect of curing morning sickness, the 
other enantiomer, which was also present in the drug (in an equal amount), may be the cause 
of the birth defects. The evidence regarding the effects of the two enantiomers is compli- 
cated by the fact that, under physiological conditions, the two enantiomers are intercon- 
verted. Now, however, thalidomide is approved under highly strict regulations for treatment 
of some forms of cancer and a serious complication associated with leprosy. Its potential 
for use against other conditions including AIDS and rheumatoid arthritis is also under inves- 
tigation. We shall consider other aspects of chiral drugs in Section 5.11. 


Which atom is the chirality center of (a) limonene and (b) of thalidomide? Review Problem 5.5 


Which atoms in each of the following molecules are chirality centers? Review Problem 5.6 


à Ф > OH 
| a Ø P 2 26 
О Ф Ф _ 
(a) J 2 ©) HO 
id ә, " 


Lactic acid Ascorbic acid 
(vitamin C) 


Зе он 
он Ф |") » 

он Me 
(b) 92 


а 
О ® Ho 


Glyceraldehyde Estradiol 
(an estrogen) 


5.6 How to Test for Chirality: Planes of Symmetry 


The ultimate way to test for molecular chirality is to construct models of the molecule and 
its mirror image and then determine whether they are superposable. If the two models are 
superposable, the molecule that they represent is achiral. If the models are not superpos- 
able, then the molecules that they represent are chiral. We can apply this test with actual 
models, as we have just described, or we can apply it by drawing three-dimensional struc- 
tures and attempting to superpose them in our minds. 

There are other aids, however, that will assist us in recognizing chiral molecules. We 
have mentioned one already: the presence of a single chirality center. Other aids are based 
on the absence of certain symmetry elements in the molecule. 


9 A molecule will not be chiral if it possesses a plane of symmetry. 


Ф A plane of symmetry (also called a mirror plane) is defined as an imaginary plane 
that bisects a molecule in such a way that the two halves of the molecule are mir- 
ror images of each other. 


The plane may pass through atoms, between atoms, or both. For example, 2-chloropropane 
has a plane of symmetry (Fig. 5.8a), whereas 2-chlorobutane does not (Fig. 5.85). 


9 All molecules with a plane of symmetry in their most symmetric conformation are 
achiral. 
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Plane of symmetry 


Cl 
Нас : CH3 
Figure 5.8 (а) 2-Chloropropane ' 
has a plane of symmetry and is j 
achiral. (b) 2-Chlorobutane does " 
Achiral 
not possess a plane of symmetry 
and is chiral. (a) 
Solved Problem 5.2 
Glycerol, CH3OHCHOHCHZ2OH, is an important constituent in the biological synthe- Plane of symmetry 
sis of fats, as we shall see in Chapter 23. (a) Does glycerol have a plane of symmetry? 
If so, write a three-dimensional structure for glycerol and indicate where it is. (b) Is 
glycerol chiral? 
STRATEGY AND ANSWER (a) Yes, glycerol has a plane symmetry. Notice we have І 
to choose the proper conformation and orientation of the molecule to see the plane H 
of symmetry. (b) No, it is achiral because it has a conformation containing a plane of E 
symmetry. Ò 
„~ 
НОЊС“ i "CH5;OH 
H 
Review Problem 5.7 Which of the objects listed in Review Problem 5.1 possess a plane of symmetry and are, 
therefore, achiral? 
Review Problem 5.8 Write three-dimensional formulas and designate a plane of symmetry for all of the achiral 


molecules in Review Problem 5.4. (In order to be able to designate a plane of symmetry 
you may need to write the molecule in an appropriate conformation. 


5.7 Naming Enantiomers: The R,S-System 


The two enantiomers of 2-butanol are the following: 


H, JOH HQ, „Н 


Rude 


I II 


If we name these two enantiomers using only the IUPAC system of nomenclature that 
we have learned so far, both enantiomers will have the same name: 2-butanol (or sec- 
butyl alcohol) (Section 4.3F). This is undesirable because each compound must have its 
own distinct name. Moreover, the name that is given a compound should allow a chemist 


5.7 Naming Enantiomers: The R,S-System 


who is familiar with the rules of nomenclature to write the structure of the compound 
from its name alone. Given the name 2-butanol, a chemist could write either structure I 
or structure II. 

Three chemists, R. S. Cahn (England), C. K. Ingold (England), and V. Prelog 
(Switzerland), devised a system of nomenclature that, when added to the IUPAC system, 
solves both of these problems. This system, called the ZA,$-system or the 
Cahn-Ingold-Prelog system, is part of the IUPAC rules. 

According to this system, one enantiomer of 2-butanol should be designated (R)-2- 
butanol and the other enantiomer should be designated (S)-2-butanol. [(R) and (5) are from 
the Latin words rectus and sinister, meaning right and left, respectively.] These molecules 
are said to have opposite configurations at C2. 


5.7A How to Assign (R) and (S) Configurations 


We assign (R) and (S) configurations on the basis of the following procedure. 


1. Each of the four groups attached to the chirality center is assigned a priority or 
preference а, b, c, or d. Priority is first assigned on the basis of the atomic number 
of the atom that is directly attached to the chirality center. The group with the lowest 
atomic number is given the lowest priority, d; the group with next higher atomic 
number is given the next higher priority, c; and so on. (In the case of isotopes, the 
isotope of greatest atomic mass has highest priority.) 


We can illustrate the application of the rule with the 2-butanol enantiomer, II: 


(à (9 
HO, „H 


S 


C 
Нас“ ~CH2CH 3 
(bor c) (bor c) 
II 


Oxygen has the highest atomic number of the four atoms attached to the chirality center 
and is assigned the highest priority, a. Hydrogen has the lowest atomic number and is 
assigned the lowest priority, d. A priority cannot be assigned for the methyl group and the 
ethyl group by this approach because the atom that is directly attached to the chirality center 
is a carbon atom in both groups. 


2. When a priority cannot be assigned on the basis of the atomic number of the atoms 
that are directly attached to the chirality center, then the next set of atoms in the unas- 
signed groups is examined. This process is continued until a decision can be made. 
We assign a priority at the first point of difference.* 


When we examine the methyl group of enantiomer IL, we find that the next set of atoms 
consists of three hydrogen atoms (H, H, H). In the ethyl group of II the next set of atoms 
consists of one carbon atom and two hydrogen atoms (C, H, H). Carbon has a higher atomic 
number than hydrogen, so we assign the ethyl group the higher priority, b, and the methyl 
group the lower priority, c, since (C, H, H) > (H, H, H): 


(à) (d) 
HQ, H | 
H ~ C 
RP Ee d "H 
нео ND 
(H, H, H) (C, H, H) 


*The rules for a branched chain require that we follow the chain with the highest priority atoms. 
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3. We now rotate the formula (or model) so that the group with lowest priority (d) is 
directed away from us: 


(a) 
OH 


Viewer 


Newman 
projection II 


Then we trace a path from a to b to c. If, as we do this, the direction of our finger 
(or pencil) is clockwise, the enantiomer is designated (R). If the direction is coun- 
terclockwise, the enantiomer is designated (5). 

On this basis the 2-butanol enantiomer II is (R)-2-butanol: 


(a) (a) 


OH OH 
"e / 
HO H 
(9 Mé o ES | 
УК = H - — p 
Newman СНз | СЊСНа (d) 
projection Po Viewer 
(c) 
Arrows are clockwise. 
(R)-2-Butanol 

Solved Problem 5.3 

Shown here is an enantiomer of bromochlorofluoroiodomethane. Is it (R) or (S)? 
jn 
Села 

< \ "СІ 
Е 
STRATEGY AND ANSWER 
b) 
(b) (b) 
Br EA Br Br EE 
Y Е in | | Fook down el 
| „а а s UI (a) or (а) F NUT (a) = nee 
VOCE а! CI ol !(a) 
[| (o) (c) (c) 
Imagine holding the 
molecule by the Br and Lowest The path we trace from 
rotating it as shown priority highest to lowest is 


so that the lowest 
priority group (F, in this 
case) lies in the plane 
of the paper. 


counterclockwise, so the 
enantiomer is (S). 


5.7 Naming Enantiomers: The R,S-System 


Write the enantiomeric forms of bromochlorofluoromethane and assign each enantiomer 
its correct (R) or (S) designation. 


Give (R) and (S) designations for each pair of enantiomers given as answers to Review 
Problem 5.4. 


The first three rules of the Cahn-Ingold-Prelog system allow us to make an (R) ог (5) 
designation for most compounds containing single bonds. For compounds containing 
multiple bonds one other rule is necessary: 


4. Groups containing double or triple bonds are assigned priorities as if both atoms were 
duplicated or triplicated, that is, 


| r^ 
n as if it were —C—Y and —C=Y asifitwere —C—Y 
(Y) (С) (Y) (С) 


where the symbols in parentheses are duplicate or triplicate representations of the 
atoms at the other end of the multiple bond. 


Thus, the vinyl group, —CH-— CH», is of higher priority than the isopropyl group, 
— CH(CH3)s. That 15, 


. H H Р H H 
is treated | | which | | 
—CH=CH, as though M ds nd has higher ENS EI 
it were riority than 
(C) (C) d H 
H— TO H 
H 


because at the second set of atoms out, the vinyl group (see the following structure) is C, 
H, H, whereas the isopropyl group along either branch is H, H, H. (At the first set of atoms 
both groups are the same: C, C, H.) 


|] | | 
НЕ | —H > E a 
(C) (C) H 
VR 
H 
С, H, H > H, H, H 
Vinyl group Isopropyl group 


Other rules exist for more complicated structures, but we shall not study them here.* 


List the substituents in each of the following sets in order of priority, from highest to lowest: 
(a) —Cl, —OH, —SH, —H (e) —H, —N(CHg)2, —OCHs, —CHs 
(b) —CHs, —CHsBr, —CH2Cl, — СНОН (f) —OH, —OPO3Hs, —H, —CHO 
(c) —H, —OH, —CHO, —CH3 


(d) —CH(CH3)o, —C(CH3)3, —H, 


*Further information can be found in the Chemical Abstracts Service /ndex Guide. 
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Review Problem 5.9 


Review Problem 5.10 


Review Problem 5.11 
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Review Problem 5.12 m (R) or (8) designations to each of the following compounds: 


(d) 


xo 2 Н.ОзРО Е H 
E go 
O 


p-Glyceraldehyde-3-phosphate 
(a glycolysis intermediate) 


Solved Problem 5.4 


Consider the following pair of structures and tell whether they represent enantiomers or two molecules of the same 
compound in different orientations: 


Cl CH, 
H сев на 
"UE CI 
A B 


STRATEGY One way to approach this kind of problem is to take one structure and, in your mind, hold it by one 
group. Then rotate the other groups until at least one group is in the same place as it is in the other structure. (Until 
you can do this easily in your mind, practice with models.) By a series of rotations like this you will be able to 
convert the structure you are manipulating into one that is either identical with or the mirror image of the other. 
For example, take А, hold it by the Cl atom and then rotate the other groups about the C*— СІ bond until the hydro- 
gen occupies the same position as in B. Then hold it by the H and rotate the other groups about the C*—H bond. 
This will make B identical with A: 


CI CI CH3 


Identical 
У zo" 2a om rotate, Auer with 
3". Hz Br Cl R 
A A A 


Another approach is to recognize that exchanging two groups at the chirality center inverts the configuration of 
that carbon atom and converts a structure with only one chirality center into its enantiomer; a second exchange re- 
creates the original molecule. So we proceed this way, keeping track of how many exchanges are required to con- 
vert A into B. In this instance we find that two exchanges are required, and, again, we conclude that A and B are 


the same: 
CI CI CH3 
А. ехсћапде " exchange Ae 
H,C ^V Pr сњаан HX Pr chanci НА "В" 
қ H CH; CI 
A B 


A useful check is to name each compound including its (R,S) designation. If the names are the same, then the 
structures are the same. In this instance both structures are (R)-1-bromo-1-chloroethane. 

Another method for assigning (R) and (S) configurations using one’s hands as chiral templates has been described 
(Huheey, J. E. J. Chem. Educ. 1986, 63, 598—600). Groups at a chirality center are correlated from lowest to high- 
est priority with one's wrist, thumb, index finger, and second finger, respectively. With the ring and little finger 
closed against the palm and viewing one's hand with the wrist away, if the correlation between the chirality cen- 
ter is with the left hand, the configuration is (S), and if with the right hand, (R). 


ANSWER A and B are two molecules of the same compound oriented differently. 


Or Н бе 
\ h П 
"fa 5 act 
5.8 Properties of Enantiomers: Optical Activity ‘ 201 
Tell whether the two structures in each pair represent enantiomers or two molecules of the Review Problem 5.13 
same compound in different orientations. 
Br H F 
Cle $F Oly, Br Fa CH Н. 2401 H, „он 
(а) Bd and bd (b) bid 3 and ; (c) hs di and о d 
H F H' ^он 
H CI CH3 


5.8 Properties of Enantiomers: Optical Activity 


The molecules of enantiomers are not superposable and, on this basis alone, we have con- 
cluded that enantiomers are different compounds. How are they different? Do enantiomers 
resemble constitutional isomers and diastereomers in having different melting and boiling 
points? The answer is no. Pure enantiomers have identical melting and boiling points. Do 
pure enantiomers have different indexes of refraction, different solubilities in common sol- 
vents, different infrared spectra, and different rates of reaction with achiral reagents? The 
answer to each of these questions is also no. 

Many of these properties (e.g., boiling points, melting points, and solubilities) are depen- 
dent on the magnitude of the intermolecular forces operating between the molecules 
(Section 2.13), and for molecules that are mirror images of each other these forces will be 
identical. We can see an example of this if we examine Table 5.1, where boiling points of 
the 2-butanol enantiomers are listed. 


СЗЭ Physical Properties of 2-Butanol and Tartaric Acid Enantiomers 


Compound Boiling Point (bp) or Melting Point (mp) 
(R)-2-Butanol 99.5°C (bp) 

(S)-2-Butanol 99.5°C (bp) 
(+)-(R,R)-Tartaric acid 168-170°C (mp) 
(—)-(S,S)-Tartaric acid 168-170°C (mp) 
(+/—)-Tartaric acid 210-212°C (mp) 


Mixtures of the enantiomers of a compound have different properties than pure samples 
of each, however. The data in Table 5.1 illustrate this for tartaric acid. The natural isomer, 
(+)-tartaric acid, has a melting point of 168-170?C, as does its unnatural enantiomer, 
(—)-tartaric acid. An equal mixture tartaric acid enantiomers, (+/—)-tartaric acid, has a 
melting point of 210—212°C, however. 

Enantiomers show different behavior only when they interact with other chiral sub- 
stances, including their own enantiomer, as shown by the melting point data above. 
Enantiomers show different rates of reaction toward other chiral molecules, that is, toward 
reagents that consist of a single enantiomer or an excess of a single enantiomer. Enantiomers 
also show different solubilities in solvents that consist of a single enantiomer or an excess 
of a single enantiomer. 

One easily observable way in which enantiomers differ is in their behavior toward plane- 
polarized light. When a beam of plane-polarized light passes through an enantiomer, the 
plane of polarization rotates. Moreover, separate enantiomers rotate the plane of plane- 
polarized light equal amounts but in opposite directions. Because of their effect on plane- 


Tartaric acid is found naturally in 
polarized light, separate enantiomers are said to be optically active compounds. grapes and many other plants. 


In order to understand this behavior of enantiomers, we need to understand the nature Crystals of tartaric acid can be 
of plane-polarized light. We also need to understand how an instrument called a polarime- Sometimes be found with wine. 
ter operates. 
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Figure 5.9 The oscillating 
electric and magnetic fields of a 
beam of ordinary light in one 
plane. The waves depicted here 
occur in all possible planes in 
ordinary light. 


Figure 5.10 Oscillation of the 
electric field of ordinary light 
occurs in all possible planes 
perpendicular to the direction 
of propagation. 
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Electric 
wave 


Magnetic 
wave 


Magnetic 
field 


Direction of 
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light beam 


5.8A Plane-Polarized Light 


Light is an electromagnetic phenomenon. A beam of light consists of two mutually per- 
pendicular oscillating fields: an oscillating electric field and an oscillating magnetic field 
(Fig. 5.9). 

If we were to view a beam of ordinary light from one end, and if we could actually see 
the planes in which the electrical oscillations were occurring, we would find that oscilla- 
tions of the electric field were occurring in all possible planes perpendicular to the direc- 
tion of propagation (Fig. 5.10). (The same would be true of the magnetic field.) 

When ordinary light is passed through a polarizer, the polarizer interacts with the electric 
field so that the electric field of the light that emerges from the polarizer (and the magnetic 
field perpendicular to it) is oscillating only in one plane. Such light is called plane-polarized 
light (Fig. 5.11a). If the plane-polarized beam encounters a filter with perpendicular polar- 
ization, the light is blocked (Fig. 5.115). This phenomenon can readily be demonstrated with 
lenses from a pair of polarizing sunglasses or a sheet of polarizing film (Fig. 5.11c). 


Figure 5.11 (a) Ordinary light passing through the 
first polarizing filter emerges with an electric wave 
oscillating in only one plane (and a perpendicular 
magnetic wave plane not shown). When the second 
filter is aligned with its polarizing direction the same 
as the first filter, as shown, the plane-polarized light 
can pass through. (b) If the second filter is turned 
90°, the plane-polarized light is blocked. (c) Two 
polarizing sunglass lenses oriented perpendicular 
to each other block the light beam. 
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5.8B The Polarimeter 


The device that is used for measuring the effect of optically active compounds on plane-polar- 
ized light is a polarimeter. A sketch of a polarimeter is shown in Fig. 5.12. The principal 
working parts of a polarimeter are (1) a light source (usually a sodium lamp), (2) a polarizer, 
(3) a cell for holding the optically active substance (or solution) in the light beam, (4) an ana- 
lyzer, and (5) a scale for measuring the angle (in degrees) that the plane of polarized light has 
been rotated. 

The analyzer of a polarimeter (Fig. 5.12) is nothing more than another polarizer. If the cell 
of the polarimeter is empty or if an optically inactive substance is present, the axes of the plane- 
polarized light and the analyzer will be exactly parallel when the instrument reads 0°, and the 
observer will detect the maximum amount of light passing through. If, by contrast, the cell con- 
tains an optically active substance, a solution of one enantiomer, for example, the plane of polar- 
ization of the light will be rotated as it passes through the cell. In order to detect the maximum 
brightness of light, the observer will have to rotate the axis of the analyzer in either a clockwise 
or counterclockwise direction. If the analyzer is rotated in a clockwise direction, the rotation, 
а (measured in degrees), is said to be positive (+). If the rotation is counterclockwise, the rota- 
tion is said to be negative (—). A substance that rotates plane-polarized light in the clockwise 
direction is also said to be dextrorotatory, and one that rotates plane-polarized light in a coun- 
terclockwise direction is said to be levorotatory (Latin: dexter, right, and laevus, left). 


Analyzer 
(can be rotated) 


As the arrows indicate, the optically у 
active substance in solution in the p Degree scale 
cell is causing the plane of the i (fixed) 


polarized light to rotate. ЗД 
The plane of polarization 
of the emerging light is 
not the same as that of 
the entering polarized light. 


Polarimeter sample cell 


—Polarizer and analyzer are parallel. 
—No optically active substance is present. 
—Polarized light can get through analyzer. 


—Polarizer and analyzer are crossed. 
—No optically active substance is present. 
—No polarized light can emerge from 
analyzer. 
—Substance in cell between polarizer and 
analyzer is optically active. 
—Analyzer has been rotated to the left 
(from observer's point of view) to permit 
| My rotated polarized light through (substance 
Polarizer Analyzer Observer i$ levorotatory). 
Figure 5.12 Тһе principal working parts of a polarimeter and the measurement of optical 


rotation. (Reprinted with permission of John Wiley & Sons, Inc. from Holum, J. R., Organic 
Chemistry: A Brief Course, p. 316. Copyright 1975.) 
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5.8C Specific Rotation 


The number of degrees that the plane of polarization is rotated as the light passes through 
a solution of an enantiomer depends on the number of chiral molecules that it encounters. 
This, of course, depends on the length of the tube and the concentration of the enantiomer. 
In order to place measured rotations on a standard basis, chemists calculate a quantity called 
the specific rotation, [o], by the following equation: 


_ а 
[o] = "ET 
where [o] — the specific rotation 
а = the observed rotation 
c — the concentration of the solution in grams per milliliter of solution (or density 
in g mL ! for neat liquids) 
1 = the length of the cell in decimeters (1 dm = 10 cm) 


The specific rotation also depends on the temperature and the wavelength of light that 
is employed. Specific rotations are reported so as to incorporate these quantities as well. A 
specific rotation might be given as follows: 


[0]5 = +3.12 


This means that the D line of a sodium lamp (A = 589.6 nm) was used for the light, that 
a temperature of 25°C was maintained, and that a sample containing 1.00 g mL"! of the opti- 
cally active substance, in a 1-dm tube, produced a rotation of 3.12° in a clockwise direction.* 
The specific rotations of (R)-2-butanol and (S)-2-butanol are given here: 


(R)-2-Butanol (S)-2-Butanol 


[o5 = —13.52 [o]25 = 413.52 
The direction of rotation of plane-polarized light is often incorporated into the names 
of optically active compounds. The following two sets of enantiomers show how this is done: 
H, СНз H, CH3 


v LL OH HO. 2X > 


(R)-(+)-2-Methyl-1-butanol _ (S)-(—)-2-Methyl-1-butanol 
[a] = +5.756 [a]} = —5.756 


(R)-(—)-1-Chloro-2-methylbutane _ (5)-(+)-1-СМого-2-те ћу шапе 
[o]25 = —1.64 [o] = +1.64 


The previous compounds also illustrate an important principle: 


€ No obvious correlation exists between the (R) and (S) configurations of enan- 
tiomers and the direction [(+) or (—)] in which they rotate plane-polarized light. 


(R)-(4-)-2-Methyl-1-butanol and (R)-(—)-1-chloro-2-methylbutane have the same configu- 
ration; that is, they have the same general arrangement of their atoms in space. They have, 
however, an opposite effect on the direction of rotation of the plane of plane-polarized light: 


н Сю Same н Сю 


~% OH configuration -P 
(R)-(+)-2-Methyl-1-butanol (R)-(—)-1-Chloro-2-methylbutane 


*The magnitude of rotation is dependent on the solvent used when solutions are measured. This is the reason the 
solvent is specified when a rotation is reported in the chemical literature. 


5.9 The Origin of Optical Activity 


These same compounds also illustrate a second important principle: 


€ No necessary correlation exists between the (R) and (S) designation and the direc- 
tion of rotation of plane-polarized light. 


(R)-2-Methyl-1-butanol is dextrorotatory (+), and (R)-1-chloro-2-methylbutane 15 
levorotatory (—). 


A method based on the measurement of optical rotation at many different wave- 
lengths, called optical rotatory dispersion, has been used to correlate configurations 
of chiral molecules. A discussion of the technique of optical rotatory dispersion, 
however, is beyond the scope of this text. 


Shown below is the configuration of (+)-carvone. (+)-Carvone is the 
principal component of caraway seed oil and is responsible for its char- 
acteristic odor. (—)-Carvone, its enantiomer, is the main component of 
spearmint oil and gives it its characteristic odor. The fact that the car- 
vone enantiomers do not smell the same suggests that the receptor sites % 

in the nose for these compounds are chiral, and that only the correct H T 
enantiomer binds well to its particular site just as a hand requires a glove — (+)-Сагмопе 
of the correct chirality for a proper fit). Give the correct (А) and (5) des- 

ignations for (+)- and (—)-carvone. 
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Review Problem 5.14 


5.9 The Origin of Optical Activity 


Optical activity is measured by the degree of rotation of plane-polarized light passing through 
a chiral medium. The theoretical explanation for the origin of optical activity requires con- 
sideration of circularly-polarized light, however, and its interaction with chiral molecules. 
While it is not possible to provide a full theoretical explanation for the origin of optical activ- 
ity here, the following explanation will suffice. A beam of plane-polarized light (Fig. 5.13a) 


Direction of 
propagation 


Electric 
field 


| Magnetic 
(a) Plane-polarized light field 


Direction of 
propagation 


(b) Circularly-polarized light 


Figure 5.13 (а) Plane-polarized 
light. (b) Circularly-polarized 
light. (c, next page) Two 
circularly-polarized beams 
counterrotating at the same 
velocity (in phase) and their 
vector sum. The net result is like 
(a). (d, next page) Two circularly- 
polarized beams counterrotating 
at different velocities, such as 
after interaction with a chiral 
molecule, and their vector sum. 
The net result is like (b). Parts c 
and d: From ADAMSON. A 
TEXTBOOK OF PHYSICAL 
CHEMISTRY, 3E. © 1986 
Brooks/Cole, a part of Cengage 
Learning, Inc. Reproduced by 
permission. 
www.cengage.com/permissions 
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Figure 5.13 (continued) 


Figure 5.14 (a) A beam of 
plane-polarized light encounters 
a molecule of (R)-2-butanol, a 
chiral molecule. This encounter 
produces a slight rotation of 
the plane of polarization. 

(b) Exact cancellation of this 
rotation occurs if a molecule 

of (S)-2-butanol is encountered. 
(c) Net rotation of the plane 

of polarization occurs if 
(R)-2-butanol is present 
predominantly or exclusively. 
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(c) Two circularly-polarized beams 
counter-rotating at the same velocity 
(in phase), and their vector sum. 
The net result is like (a) on the 
previous page. 


(d) Two circularly-polarized beams 
counter-rotating at different 
velocities, such as after interaction 
with a chiral molecule, and their 
vector sum. The net result is like 
(b) on the previous page. 


can be described in terms of circularly-polarized light. A beam of circularly-polarized light 
rotating in one direction is shown in Fig. 5.135. The vector sum of two counterrotating in-phase 
circularly-polarized beams is a beam of plane-polarized light (Fig. 5.13c). The optical activ- 
ity of chiral molecules results from the fact that the two counterrotating circularly-polarized 
beams travel with different velocities through the chiral medium. As the difference between 
the two circularly-polarized beams propagates through the sample, their vector sum describes 
a plane that is progressively rotated (Fig. 5.13d). What we measure when light emerges from 
the sample is the net rotation of the plane-polarized light caused by differences in velocity of 
the circularly-polarized beam components. The origin of the differing velocities has ultimately 
to do with interactions between electrons in the chiral molecule and light. 

Molecules that are not chiral cause no difference in velocity of the two circularly-polar- 
ized beams; hence there is no rotation of the plane of polarized light described by their vector 
sum. Achiral molecules, therefore, are not optically active. 


5.9A Racemic Forms 


A sample that consists exclusively or predominantly of one enantiomer causes a net rotation 
of plane-polarized light. Figure 5.14a depicts a plane of polarized light as it encounters a mol- 
ecule of (R)-2-butanol, causing the plane of polarization to rotate slightly in one direction. (For 
the remaining purposes of our discussion we shall limit our description of polarized light to 
the resultant plane, neglecting consideration of the circularly-polarized components from which 
plane-polarized light arises.) Each additional molecule of (R)-2-butanol that the beam encoun- 
ters would cause further rotation in the same direction. If, on the other hand, the mixture con- 
tained molecules of (S)-2-butanol, each molecule of that enantiomer would cause the plane of 
polarization to rotate in the opposite direction (Fig. 5.145). If the (R) and (S) enantiomers were 
present in equal amounts, there would be no net rotation of the plane of polarized light. 


€ An equimolar mixture of two enantiomers is called a racemic mixture (or racemate 
or racemic form). A racemic mixture causes no net rotation of plane-polarized 


(if present) opposite rotation | (R)-2-butanol 


is present 
predominantly 
or exclusively. 


(a) (b) (c) 


light. 
———— E 
[| 
CH3 7 i. Gs (a 
| = | 
H—C.. I—— C —H 
NOH | | HO f i 
C2H5 г C2H5 І ' 
Rotation - | There is net 
(R)-2-butanol (S)-2-butanol Equaland 1 rotation if 
[| 
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In a racemic mixture the effect of each molecule of one enantiomer on the circularly-polarized 
beam cancels the effect of molecules of the other enantiomer, resulting in no net optical activity. 

The racemic form of a sample is often designated as being (+). A racemic mixture of 
(R)-(—)-2-butanol and (S)-(+)-2-butanol might be indicated as 


(+)-2-butanol or  (*)-CHgCH2CHOHCHs 


5.9B Racemic Forms and Enantiomeric Excess 


A sample of an optically active substance that consists of a single enantiomer is said to be 
enantiomerically pure or to have an enantiomeric excess of 10096. An enantiomerically 
pure sample of (S)-(4-)-2-butanol shows a specific rotation of + 13.52 ({al® = +13.52). 
On the other hand, a sample of (S)-(4-)-2-butanol that contains less than an equimolar 
amount of (R)-(—)-2-butanol will show a specific rotation that is less than +13.52 but 
greater than zero. Such a sample is said to have an enantiomeric excess less than 100%. 
The enantiomeric excess (ee), also known as the optical purity, is defined as follows: 
moles of one enantiomer — moles of other enantiomer 


9% Enantiomeric excess = - x 100 
total moles of both enantiomers 


The enantiomeric excess can be calculated from optical rotations: 


Observed specific rotation 
P x 100 


% Enantiomeric excess* = — - - 
specific rotation of the pure enantiomer 
Let us suppose, for example, that a mixture of the 2-butanol enantiomers showed a spe- 
cific rotation of +6.76. We would then say that the enantiomeric excess of the (S)-(+)-2- 
butanol is 5096: 


| : +6.76 
Enantiomeric excess = x 100 = 50% 
+ 13.52 


When we say that the enantiomeric excess of this mixture is 50%, we mean that 50% 
of the mixture consists of the (+) enantiomer (the excess) and the other 50% consists of 
the racemic form. Since for the 50% that is racemic the optical rotations cancel one another 
out, only the 50% of the mixture that consists of the (+) enantiomer contributes to the 
observed optical rotation. The observed rotation is, therefore, 50% (or one-half) of what it 
would have been if the mixture had consisted only of the (+) enantiomer. 


What is the actual stereoisomeric composition of the mixture referred to above? 


were eee 


Solved Problem 5.5 


ANSWER Of the total mixture, 50% consists of the racemic form, which contains equal numbers of the two enantiomers. 
Therefore, half of this 50%, or 25%, is the (—) enantiomer and 25% is the (+) enantiomer. The other 50% of the mix- 
ture (the excess) is also the ( +) enantiomer. Consequently, the mixture is 75% (+) enantiomer and 25% (—) enantiomer. 


A sample of 2-methyl-1-butanol (see Section 5.8C) has a specific rotation, [ale equal to 
+1.151. (a) What is the percent enantiomeric excess of the sample? (b) Which enantiomer 
is in excess, the (R) or the (S)? 


Review Problem 5.15 


5.10 The Synthesis of Chiral Molecules 


5.10A Racemic Forms 


Reactions carried out with achiral reactants can often lead to chiral products. In the absence of 
any chiral influence from a catalyst, reagent, or solvent, the outcome of such a reaction is a 
racemic mixture. In other words, the chiral product is obtained as a 50:50 mixture of enantiomers. 


*This calculation should be applied to a single enantiomer or to mixtures of enantiomers only. It should not be 
applied to mixtures in which some other compound is present. 
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Figure 5.15 The reaction of 
butanone with hydrogen in the 
presence of a nickel catalyst. 
The reaction rate by path 

(a) is equal to that by path (b). 
(R-15)-(—)-2-Butanol and (S)-(+)- 
2-butanol are produced in equal 
amounts, as a racemate. 
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An example is the synthesis of 2-butanol by the nickel-catalyzed hydrogenation of 
butanone. In this reaction the hydrogen molecule adds across the carbon-oxygen double 
bond in much the same way that it adds to a carbon-carbon double bond. 


CH.CH.CCH, + HH —> (он он,онсн, 
OH 
Butanone Hydrogen (+)-2-Butanol 
(achiral (achiral [chiral molecules 


molecules) molecules) but 50:50 mixture (R) and (S)] 


Figure 5.15 illustrates the stereochemical aspects of this reaction. Because butanone is achi- 
ral, there is no difference in presentation of either face of the molecule to the surface of the 
metal catalyst. The two faces of the trigonal planar carbonyl group interact with the metal 
surface with equal probability. Transfer of the hydrogen atoms from the metal to the car- 
bonyl group produces a chirality center at carbon 2. Since there has been no chiral influ- 
ence in the reaction pathway, the product is obtained as a racemic mixture of the two 
enantiomers, (R)-(—)-2-butanol and (S)-(+)-2-butanol. 


„CHCH; СНзСН, 


LIS "ER 
Ен Ан 
но он 
Ve «снн, CH,CH»^.. gt 
7 “SCH; CH," N 
H H 
HO H н он 
(R)-(-)-(2)-Butanol (50%) (S)-(+)-(2)-Butanol (50%) 


We shall see that when reactions like this are carried out in the presence of a chiral influ- 
ence, such as an enzyme or chiral catalyst, the result is usually not a racemic mixture. 


5.10B Stereoselective Syntheses 


Stereoselective reactions are reactions that lead to a preferential formation of one stereoiso- 
mer over other stereoisomers that could possibly be formed. 


© If a reaction produces preferentially one enantiomer over its mirror image, the 
reaction is said to be enantioselective. 


© Ifa reaction leads preferentially to one diastereomer over others that are possible, 
the reaction is said to be diastereoselective. 


For a reaction to be either enantioselective or diastereoselective, a chiral reagent, catalyst, 
or solvent must assert an influence on the course of the reaction. 

In nature, where most reactions are stereoselective, the chiral influences come from protein 
molecules called enzymes. Enzymes are biological catalysts of extraordinary efficiency. Not only 
do they have the ability to cause reactions to take place much more rapidly than they would oth- 
erwise, they also have the ability to assert a dramatic chiral influence on a reaction. Enzymes 
do this because they, too, are chiral, and they possess an active site where the reactant molecules 
are momentarily bound while the reaction takes place. The active site is chiral (See Fig. 5.7), 
and only one enantiomer of a chiral reactant fits it properly and is able to undergo the reaction. 
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5.11 Chiral Drugs 


Many enzymes have found use in the organic chemistry laboratory, where organic chemists 
take advantage of their properties to bring about stereoselective reactions. One of these is an 
enzyme called lipase. Lipase catalyzes a reaction called hydrolysis, whereby an ester (Section 
2.10B) reacts with a molecule of water to produce a carboxylic acid and an alcohol. 


O O 


A + нон Jess, pU + HO—R' 


R ОВ’ R OH 


Ester Water Carboxylic Alcohol 
acid 


If the starting ester is chiral and present as a mixture of its enantiomers, the lipase enzyme 
reacts selectively with one enantiomer to release the corresponding chiral carboxylic acid and 
an alcohol, while the other ester enantiomer remains unchanged or reacts much more slowly. 
The result is a mixture that consists predominantly of one stereoisomer of the reactant and 
one stereoisomer of the product, which can usually be separated easily on the basis of their 
different physical properties. Such a process is called a kinetic resolution, where the rate of 
a reaction with one enantiomer is different than with the other, leading to a preponderance of 
one product stereoisomer. We shall say more about the resolution of enantiomers in Section 
5.16. The following hydrolysis is an example of a kinetic resolution using lipase: 


O О O 


lipase p pisa — 
E ANE mon" í "OE + OH + H—OEt 


F F F 


Ethyl (x)-2-fluorohexanoate Ethyl (R)-(+)-2-fluorohexanoate (S)-(—)-2-Fluorohexanoic acid 
[an ester that is a racemate (>99% enantiomeric excess) (>69% enantiomeric excess) 
of (R) and (S) forms] 


Other enzymes called hydrogenases have been used to effect enantioselective versions of 
carbonyl reductions like that in Section 5.10A. We shall have more to say about the stereo- 
selectivity of enzymes in Chapter 12. 


5.11 Chiral Drugs 


The U.S. Food and Drug Administration and the pharmaceutical industry are very inter- 
ested in the production of chiral drugs, that is, drugs that contain a single enantiomer rather 
than a racemate. The antihypertensive drug methyldopa (Aldomet), for example, owes its 
effect exclusively to the (S) isomer. In the case of penicillamine, the (S) isomer is a highly 
potent therapeutic agent for primary chronic arthritis, while the (R) isomer has no thera- 
peutic action and is highly toxic. The anti-inflammatory agent ibuprofen (Advil, Motrin, 
Nuprin) is marketed as а racemate even though only the (5) enantiomer is the active agent. 
The (R) isomer of ibuprofen has no anti-inflammatory action and is slowly converted to the 
(S) isomer in the body. A formulation of ibuprofen based on solely the (5) isomer, how- 
ever, would be more effective than the racemate. 

At the beginning of this chapter we showed the formulas for two enantiomeric drugs, 
Darvon and Novrad. Darvon (also called dextropropoxyphene) is a painkiller. Novrad (lev- 
opropoxyphene) is a cough suppressant. 


CH, CH, 

CH, CH, | | 

| | HO CH,—C—CO,H CH,—C—CH—CO,H 
CH,—C— CH, CH—C—OH | | | 

| | NH, SH NH, 

H Ó HO 


Ibuprofen Methyldopa Penicillamine 
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Review Problem 5.16 


Review Problem 5.17 


Review Problem 5.18 


(S)-BINAP-Ru(OCOCH3)5 
COOH + H, (0.5 mol %) 
MeOH 
HCO HCO 
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Write three-dimensional formulas for the (S) isomers of (a) methyldopa, (b) penicillamine, 
and (c) ibuprofen. 


The antihistamine Allegra (fexofenadine) has the following structural formula. For any chi- 
rality centers in fexofenadine, draw a substructure that would have an (R) configuration. 


N O 
OH 


Fexofenadine (Allegra) 


OH 


Assign the (R,S) configuration at each chirality center in Darvon (dextropropoxyphene). 


Darvon 


There are many other examples of drugs like these, including drugs where the enantiomers 
have distinctly different effects. The preparation of enantiomerically pure drugs, therefore, is 
one factor that makes stereoselective synthesis (Section 5.10B) and the resolution of racemic 
drugs (separation into pure enantiomers, Section 5.16) major areas of research today. 

Underscoring the importance of stereoselective synthesis is the fact that the 2001 Nobel 
Prize in Chemistry was given to researchers who developed reaction catalysts that are now 
widely used in industry and academia. William Knowles (Monsanto Company, retired) and 
Ryoji Noyori (Nagoya University) were awarded half of the prize for their development of 
reagents used for catalytic stereoselective hydrogenation reactions. The other half of the prize 
was awarded to Barry Sharpless (Scripps Research Institute) for development of catalytic stere- 
oselective oxidation reactions (see Chapter 11). An important example resulting from the work 
of Noyori and based on earlier work by Knowles is a synthesis of the anti-inflammatory agent 
naproxen, involving a stereoselective catalytic hydrogenation reaction: 


CH, нс „H 


(S)-Naproxen 
(an anti-inflammatory agent) 
(92% yield, 97% ee) 


The hydrogenation catalyst in this reaction is an organometallic complex formed from ruthe- 
nium and a chiral organic ligand called (S)-BINAP. The reaction itself is truly remarkable 
because it proceeds with excellent enantiomeric excess (9796) and in very high yield (9296). 
We will have more to say about BINAP ligands and the origin of their chirality in Section 5.18. 


5.12 Molecules with More than One Chirality Center 
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THE CHEMISTRY OF... 


Selective Binding of Drug Enantiomers to Left- and Right-Handed Coiled DNA 


Would you like left- or right-handed DNA with your drug? 
That's a question that can now be answered due to the 
recent discovery that each enantiomer of the drug daunoru- 
bicin selectively binds DNA coiled with opposite handed- 
ness. (+)-Daunorubicin binds selectively to DNA coiled in 
the typical right-handed conformation (B-DNA). (—)- 
Daunorubicin binds selectively to DNA coiled in the left- 
handed conformation (Z-DNA). Furthermore, daunorubicin 
is capable of inducing conformational changes in DNA from 
one coiling direction to the other, depending on which coil- 
ing form is favored when a given daunorubicin enantiomer 
binds to the DNA. It has long been known that DNA adopts 
a number of secondary and tertiary structures, and it is pre- 
sumed that some of these conformations are involved in 
turning on or off transcription of a given section of DNA. The 
discovery of specific interactions between each daunorubicin 
enantiomer and the left- and right-handed coil forms of DNA 
will likely assist in design and discovery of new drugs with 
anticancer or other activities. 


Enantiomeric forms of daunorubicin bind with DNA and cause it 
to coil with opposite handedness. [Graphic courtesy John O. 
Trent, Brown Cancer Center, Department of Medicine, University 
of Louisville, KY. Based on work from Qu, X. Trent, J.O., Fokt, 1., 
Priebe, W., and Chaires, J.B., Allosteric, Chiral-Selective Drug 
Building to DNA, Proc. Natl. Acad. Sci. U.S.A., 2000 (Oct. 24): 
97(22), 12032-12037] 


5.12 Molecules with More than One Chirality Center 


So far we have mainly considered chiral molecules that contain only one chirality center. 
Many organic molecules, especially those important in biology, contain more than one 
chirality center. Cholesterol (Section 23.4B), for example, contains eight chirality centers. 


(Can you locate them?) We can begin, however, with simpler molecules. Let us consider 
2,3-dibromopentane, shown here in a two-dimensional bond-line formula. 2,3- 


Dibromopentane has two chirality centers: 


Br 


Br 
2,3-Dibromopentane 


A useful rule gives the maximum number of stereoisomers: 


€ In compounds whose stereoisomerism is due to chirality centers, the total number of 
stereoisomers will not exceed 2", where n is equal to the number of chirality centers. 


For 2,3-dibromopentane we should not expect more than four stereoisomers (2? — 4). 
Our next task is to write three-dimensional bond-line formulas for the possible stereoiso- 


Cholesterol 


T! _ Helpful. Hint 


Cholesterol, having eight chirality 
centers, hypothetically could exist 
in 28 (256) stereoisomeric forms, 
yet biosynthesis via enzymes 
produces only one stereoisomer. 


mers. When doing so it is helpful to follow certain conventions. First, it is generally best to 
write as many carbon atoms in the plane of the paper as possible. Second, when needing to 


compare the stereochemistry at adjacent carbon atoms, we usually draw the molecule in a 
fashion that shows eclipsing interactions, even though this would not be the most stable con- 
formation of the molecule. We do so because, as we shall see later, eclipsed conformations 
make it easy for us to recognize planes of symmetry when they are present. (We do not mean 


Helpful Hint 


Useful conventions when writing 
three-dimensional formulas 


to imply, however, that eclipsed conformations are the most stable ones—they most certainly 
are not. It is important to remember that free rotation is possible about single bonds, and that 
molecules are constantly changing conformations.) Third, if we need to draw the enantiomer 
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Review Problem 5.19 
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of the first stereoisomer, we can easily do so by drawing a mirror image of the first formula, 
using as our guide an imaginary mirror perpendicular to the page and between the molecules. 

The following are two three-dimensional bond-line formulas for 2,3-dibromopentane. 
Notice that in drawing these formulas we have followed the conventions above. 


E 
X 


Mirror 


Since structures 1 and 2 are not superposable, they represent different compounds. Since 
structures 1 and 2 differ only in the arrangement of their atoms in space, they represent 
stereoisomers. Structures 1 and 2 are also mirror images of each other; thus 1 and 2 rep- 
resent a pair of enantiomers. 

Structures 1 and 2 are not the only ones possible for 2,3-dibromopentane, however. If 
we interchange the bromine and hydrogen at C2 (invert the configuration), we find that we 
have 3, which has a different structural formula than either 1 or 2. Furthermore, we can 
write a formula for a structure (4) that is a nonsuperposable mirror image of 3, and which 
is also different from 1 and 2. 


D 
"Ug 
= 
Шеј 
= 
ma 


= 


Mirror 


Structures З and 4 correspond to another pair of enantiomers. Structures 1-4 are all differ- 
ent, so there are, in total, four stereoisomers of 2,3-dibromopentane. Essentially what we have 
done above is to write all the possible structures that result by successively interchanging two 
groups at all chirality centers. At this point you should convince yourself that there are no other 
stereoisomers by writing other structural formulas. You will find that rotation about the single 
bonds (or of the entire structure) of any other arrangement of the atoms will cause the struc- 
ture to become superposable with one of the structures that we have written here. Better yet, 
using different colored balls, make molecular models as you work this out. 

The compounds represented by structures 1—4 are all optically active compounds. Any 
one of them, if placed separately in a polarimeter, would show optical activity. 

The compounds represented by structures 1 and 2 are enantiomers. The compounds rep- 
resented by structures 3 and 4 are also enantiomers. But what is the isomeric relation 
between the compounds represented by 1 and 3? 

We can answer this question by observing that 1 and 3 are stereoisomers and that they 
are not mirror images of each other. They are, therefore, diastereomers. 


6€ Diastereomers have different physical properties—different melting points and 
boiling points, different solubilities, and so forth. 


1 2 3 4 


uL 
uL 
uL 
uic 


(a) If 3 and 4 are enantiomers, what are 1 and 4? (b) What are 2 and 3, and 2 and 4? 
(c) Would you expect 1 and 3 to have the same melting point? (d) The same boiling point? 
(e) The same vapor pressure? 


5.12 Molecules with More than One Chirality Center 


5.124 Meso Compounds 


A structure with two chirality centers does not always have four possible stereoisomers. 
Sometimes there are only three. As we shall see: 


€ Some molecules are achiral even though they contain chirality centers. 


To understand this, let us write stereochemical formulas for 2,3-dibromobutane. We begin in 
the same way as we did before. We write formulas for one stereoisomer and for its mirror image: 


1 
4 


Structures A and B are nonsuperposable and represent a pair of enantiomers. 

When we write the new structure C (see below) and its mirror image D, however, the 
situation is different. The two structures are superposable. This means that C and D do not 
represent a pair of enantiomers. Formulas C and D represent identical orientations of the 
same compound: 


The molecule represented by structure C (or D) is not chiral even though it contains two 
chirality centers. 


@ A meso compound is an achiral molecule that contains chirality centers. Meso 
compounds are not optically active. 


The ultimate test for molecular chirality is to construct a model (or write the structure) 
of the molecule and then test whether or not the model (or structure) is superposable on its 
mirror image. If it is, the molecule is achiral: If it is not, the molecule is chiral. 

We have already carried out this test with structure C and found that it is achiral. We 
can also demonstrate that C is achiral in another way. Figure 5.16 shows that structure C 
has an internal plane of symmetry (Section 5.6). 

The following two problems relate to compounds A-D in the preceding paragraphs. 


Which of the following would be optically active? 
(a) A pure sample of A 
(b) A pure sample of B 
(c) A pure sample of C 


(d) An equimolar mixture of A and B 


The following are formulas for three compounds, written in noneclipsed conformations. In 
each instance tell which compound (A, B, or C above) each formula represents. 
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Helpful Hint 


If a molecule has an internal plane 
of symmetry it is achiral. 


Br 


ЕИ 
= 


Figure 5.16 Тһе plane of 
symmetry of meso-2,3- 
dibromobutane. This plane divides 
the molecule into halves that are 
mirror images of each other. 


Review Problem 5.20 


Review Problem 5.21 
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Solved Problem 5.6 


Which of the following is a meso compound? 


STRATEGY AND ANSWER In each molecule, rotating the groups joined by the C2— C3 bond by 180? brings the 
two methyl groups into comparable position. In the case of compound Z, a plane of symmetry results, and there- 
fore, Z is a meso compound. No plane of symmetry is possible in X and Y. 


X м Z Rotate the groups 
about the C2—C3 
bond by 180° 


as shown. 
HO 
Ha „СНз 
Plane of 
y symmetr 
Н“, CH y y 
HO i 
A meso 
compound 
Review Problem 5.22 Write three-dimensional formulas for all of the stereoisomers of each of the following 
compounds. Label pairs of enantiomers and label meso compounds. 
CI F 
(a) (b) Үү © c 9l 
OH OH 
CI F 
F OH 
HO2C 
e T T e o 
OH Cl v S uen 
Br OH 


Tartaric acid 


5.12B How to Name Compounds with More than One 
Chirality Center 

If a compound has more than one chirality center, we analyze each center separately and 
decide whether it is (R) or (S). Then, using numbers, we tell which designation refers to 


which carbon atom. 
Consider stereoisomer A of 2,3-dibromobutane: 


EE EY 


Br: АН 
x 
1 4 


A 
2,3-Dibromobutane 
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When this formula is rotated so that the group of lowest priority attached to C2 is directed 
away from the viewer, it resembles the following: 
(b) 
CHBrCH, 
== v 
Viewer 
d 
(R) Configuration 
The order of progression from the group of highest priority to that of next highest priority 
(from — Br, to — CHBrCHs, to —CH3) is clockwise. So C2 has the (R) configuration. 
When we repeat this procedure with C3, we find that C3 also has the (R) configuration: 
(b) CHBrCHs 
(d) Hon D 
Viewer 
a 
(R) Configuration 
Compound A, therefore, is (2R,3R)-2,3-dibromobutane. m 
Give names that include (R) and (S) designations for compounds B and C in Section 5.12A. Review Problem 5.23 
Give names that include (R) and (S) designations for your answers to Review Problem 5.22. Review Problem 5.24 
Chloramphenicol (at right) is a potent antibiotic, isolated from NO Review Problem 5.25 
Streptomyces venezuelae, that is particularly effective against = 
typhoid fever. It was the first naturally occurring substance Su. 
shown to contain a nitro (— NO») group attached to an aromatic 
ring. Both chirality centers in chloramphenicol are known to 2 
have the (А) configuration. Identify the two chirality centers апа HO—C—H 
write a three-dimensional formula for chloramphenicol. 
H—C—NHCOCHCI, 
CH,OH 


Chloramphenicol 


5.13 Fischer Projection Formulas 


So far in writing structures for chiral molecules we have only used formulas that show three 
dimensions with solid and dashed wedges, and we shall largely continue to do so until we 
study carbohydrates in Chapter 22. The reason is that formulas with solid and dashed 
wedges unambiguously show three dimensions, and they can be manipulated on paper in 
any way that we wish so long as we do not break bonds. Their use, moreover, teaches us 
to see molecules (in our mind's eye) in three dimensions, and this ability will serve us well. 
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Helpful Hint 


Build handheld models of A and B 


and relate them to the Fischer 
projections shown here. 
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Chemists, however, sometimes use formulas called Fischer projections to show three 
dimensions in chiral molecules such as acyclic carbohydrates. Fischer projection formulas 
are useful in cases where there are chirality centers at several adjacent carbon atoms, as is 
often the case in carbohydrates. Use of Fischer projection formulas requires rigid adher- 
ence to certain conventions, however. Used carelessly, these projection formulas can 


easily lead to incorrect conclusions. 


5.13A How to Draw and Use Fischer Projections 


Let us consider how we would relate a three-dimensional formula for 2,3-dibromobutane using 
solid and dashed wedges to the corresponding Fischer projection formula. First, it is neces- 
sary to note that in Fischer projections the carbon chain is always drawn from top to bottom, 
rather than side to side as is often the case with bond-line formulas. We consider the mole- 
cule in a conformation that has eclipsing interactions between the groups at each carbon. For 
2,3-dibromobutane we turn the bond-line formula so that the carbon chain runs up and down 
and we orient it so that groups attached to the main carbon chain project out of the plane like 
a bow tie. The carbon-carbon bonds of the chain, therefore, lie either in the plane of the paper 
or project behind it. Then to draw the Fischer projection we simply "project" all of the bonds 
onto the paper, replacing all solid and dashed wedges with ordinary lines. Having done this, 
the vertical line of the formula now represents the carbon chain, each point of intersection 
between the vertical line and a horizontal line represents a carbon atom in the chain, and we 


understand the horizontal lines to be bonds that project out toward us. 


Br 


To test the superposability of two structures represented by Fischer projections we are 
allowed to rotate them in the plane of the paper by 180°, but by no other angle. We must 
always keep the Fischer projection formulas in the plane of the paper, and we are not 
allowed to flip them over. If we flip a Fischer projection over, the horizontal bonds pro- 
ject behind the plane instead of in front, and every configuration would be misrepresented 


CH, CH, 
Br Bra АН Br H 


= B H = = 
р" не C Br H Br 
A 


CH, CH, 
A A 
Fischer 
projection 
formula 


as the opposite of what was intended. 


CH, 


CH, 


A 


CH, 
A 
Same structure x Not the same 


CH, CH, 


Br H H Br 
rotate : Е 


вг 3 H Br Br H 


in 
plane 


CH, 


(Flipping the projection 
formula over sideways 
CH, creates the projection 
formula for the 
enantiomer of A.) 


CH, 

Not the same 
(Flipping the projection 
formula over end for end 
creates the projection formula 
for the enantiomer of A.) 


5.14 Stereoisomerism of Cyclic Compounds 


Because Fischer projections must be used with such care, we introduce them now only 
so that you can understand Fischer projections when you see them in the context of other 
courses. Our emphasis for most of this book will be on the use of solid and dashed wedges 
to represent three-dimensional formulas (or chair conformational structures in the case of 
cyclohexane derivatives), except in Chapter 22 when we will use Fischer projections again 
in our discussion of carbohydrates. If your instructor wishes to utilize Fischer projections 
further, you will be so advised. 


(a) Give the (R,S) designations for each chirality center in compound A and for compound 
B. (b) Write the Fischer projection formula for a compound C that is the diastereomer of 
A and B. (c) Would C be optically active? 


were eee 
n- 


tm 


Review Problem 5.26 


5.14 Stereoisomerism of Cyclic Compounds 


Cyclopentane derivatives offer a convenient starting point for a discussion of the stereoiso- 
merism of cyclic compounds. For example, 1,2-dimethylcyclopentane has two chirality 


centers and exists in three stereoisomeric forms 5, 6, and 7: 
Me H H Me Me Me 


Enantiomers Meso compound 
5 6 7 


The trans compound exists as a pair of enantiomers 5 and 6. cis-1,2-Dimethylcyclopentane 
(7) is a meso compound. It has a plane of symmetry that is perpendicular to the plane of the 
ring: 


Cy 


|| 
Ме | Ме 
Plane of symmetry 
7 


(a) Is trans-1,2-dimethylcyclopentane (5) superposable on its mirror image (i.e., on com- 
pound 6)? (b) Is cis-1,2-dimethylcyclopentane (7) superposable on its mirror image? (c) Is 
cis-1,2-dimethylcyclopentane a chiral molecule? (d) Would cis-1,2-dimethylcyclopentane 
show optical activity? (e) What is the stereoisomeric relationship between 5 and 7? (f) 
Between 6 and 7? 


Write structural formulas for all of the stereoisomers of 1,3-dimethylcyclopentane. Label 
pairs of enantiomers and meso compounds if they exist. 


5.14A Cyclohexane Derivatives 


1,4-Dimethylcyclohexanes If we examine a formula of 1,4-dimethylcyclohexane, we 
find that it does not contain any chirality centers. However, it does have two stereogenic 
centers. As we learned in Section 4.13, 1,4-dimethylcyclohexane can exist as cis-trans 
isomers. The cis and trans forms (Fig. 5.17) are diastereomers. Neither compound is chi- 
ral and, therefore, neither is optically active. Notice that both the cis and trans forms of 
1,4-dimethylcyclohexane have a plane of symmetry. 


Review Problem 5.27 


Review Problem 5.28 


Helpful Hint 


Build handheld molecular 
models of the 1,4-, 1,3-, and 
1,2-dimethylcyclohexane isomers 
discussed here and examine their 
stereochemical properties. 
Experiment with flipping 
the chairs and also switching 
between cis and trans isomers. 
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i¢ Plane of symmetry = 


l 
Me Me 
Me Me 
l l 
or or 


Figure 5.17 The cis and trans 
forms of 1,4- 
dimethylcyclohexane are 
diastereomers of each other. 
Both compounds are achiral, as 
the internal plane of symmetry cis-1,4- trans-1,4- 

(blue) shows for each. Dimethylcyclohexane Dimethylcyclohexane 


1,3-Dimethylcyclohexanes  1,3-Dimethylcyclohexane has two chirality centers; we 
can, therefore, expect as many as four stereoisomers (2? — 4). In reality there are only three. 
cis-1,3-Dimethylcyclohexane has a plane of symmetry (Fig. 5.18) and is achiral. 


Plane of symmetry 


| 
Ме, Ме 


Figure 5.18  cis-1,3-Dimethylcyclohexane 
has a plane of symmetry, shown in blue, 
and is therefore achiral. 


trans-1,3-Dimethylcyclohexane does not have a plane of symmetry and exists as a pair of enan- 
tiomers (Fig. 5.19). You may want to make models of the trans-1,3-dimethylcyclohexane enan- 
tiomers. Having done so, convince yourself that they cannot be superposed as they stand and 
that they cannot be superposed after one enantiomer has undergone a ring flip. 


Me Me Me,, Me 
Figure 5.19  trans-1,3-Dimethylcyclohexane | 
does not have a plane of symmetry and exists 
as a pair of enantiomers. The two structures (a H H 
Me Me 


and b) shown here are not superposable as 


they stand, and flipping the ring of either (no plane of 
structure does not make it superposable on symmetry) 
the other. (c) A simplified representation of (b). (a) (b) (с) 


1,2-Dimethylcyclohexanes  1,2-Dimethylcyclohexane also has two chirality centers, 
and again we might expect as many as four stereoisomers. Indeed there are four, but we 
find that we can isolate only three stereoisomers. trans-1,2-Dimethylcyclohexane (Fig. 5.20) 
exists as a pair of enantiomers. Its molecules do not have a plane of symmetry. 


Figure 5.20 trans-1,2-Dimethylcyclohexane has no Me Me 

plane of symmetry and exists as a pair of enantiomers 

(a and b). [Notice that we have written the most stable M Me 
e 


conformations for (a) and (b). A ring flip of either (a) or 
(b) would cause both methyl groups to become axial.] (a) (b) 


5.15 Relating Configurations through Reactions 


Me Me 
Me Me 


(c) (a) 


cis-1,2-Dimethylcyclohexane, shown in Fig. 5.21, presents a somewhat more complex 
situation. If we consider the two conformational structures (c) and (d), we find that these 
two mirror-image structures are not identical. Neither has a plane of symmetry and each is 
a chiral molecule, but they are interconvertible by a ring flip. Therefore, although the two 
structures represent enantiomers, they cannot be separated because they rapidly intercon- 
vert even at low temperature. They simply represent different conformations of the same 
compound. Therefore, structures (c) and (d) are not configurational stereoisomers; they are 
conformational stereoisomers (see Section 4.9A). This means that at normal temperatures 
there are only three isolable stereoisomers of 1,2-dimethylcyclohexane. 


As we shall see later, there are some compounds whose conformational stereoisomers can be 
isolated in enantiomeric forms. Isomers of this type are called atropisomers (Section 5.18). 


Write formulas for all of the isomers of each of the following. Designate pairs of 
enantiomers and achiral compounds where they exist. 


(a) 1-Bromo-2-chlorocyclohexane (b) 1-Bromo-3-chlorocyclohexane 


(c) 1-Bromo-4-chlorocyclohexane 


Give the (R,5) designation for each compound given as an answer to Review Problem 5.29. 


were –- --- 
n- 


Figure 5.21 cis-1,2- 
Dimethylcyclohexane exists as 
two rapidly interconverting chair 
conformations (c) and (d). 


Review Problem 5.29 


Review Problem 5.30 


5.15 Relating Configurations through Reactions in Which No Bonds to the 
Chirality Center Are Broken 


ө If a reaction takes place in a way so that no bonds to the chirality center are 
broken, the product will of necessity have the same general configuration of 
groups around the chirality center as the reactant. 


Such a reaction is said to proceed with retention of configuration. Consider as an exam- 
ple the reaction that takes place when (S)-(—)-2-methyl-1-butanol is heated with concen- 
trated hydrochloric acid: 


! —  !' 


CH 3, H CH 3, H 
~L on + H—CI . heat , a BH + H —OH 
(S)-(—)-2-Methyl-1-butanol (S)-(+)-1-Chloro-2-methylbutane 
[a]] = —5.756 [а] = +1.64 


We do not need to know now exactly how this reaction takes place to see that the reaction 
must involve breaking the CHo— OH bond of the alcohol because the — OH group is replaced 
by a —Cl. There is no reason to assume that any other bonds are broken. (We shall study 
how this reaction takes place in Section 11.8A.) Since no bonds to the chirality center are 
broken, the reaction must take place with retention of configuration, and the product of the 
reaction must have the same configuration of groups around the chirality center that the reac- 
tant had. By saying that the two compounds have the same configuration, we simply mean 
that comparable or identical groups in the two compounds occupy the same relative positions 
in space around the chirality center. (In this instance the — CH2OH group and the — CH2CI 
are comparable, and they occupy the same relative position in both compounds; all the other 
groups are identical and they occupy the same positions.) 
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Notice that in this example while the (R,S) designation does not change [both reactant 
and product are (5)], the direction of optical rotation does change [the reactant is ( —) and 
the product is (+)]. Neither occurrence is a necessity when a reaction proceeds with reten- 
tion of configuration. In the next section we shall see examples of reactions in which con- 
figurations are retained and where the direction of optical rotation does not change. The 
following reaction is one that proceeds with retention of configuration but involves a change 
in the (R,S) designation: 


H, „он Zn, H* (-ZnBr,) H, „он 
а Вг retention of configuration > ad H 
(R)-1-Bromo-2-butanol (S)-2-Butanol 


In this example the (К,5) designation changes because the — CH2Br group of the reactant 
changes to a —CHg group in the product (— CHeBr has a higher priority than — CH2CHs, 
and — СНз has a lower priority than — CH2CH3). 


Solved Problem 5.7 


When (R)-1-bromo-2-butanol reacts with Kl in acetone the product is 1-iodo-2-butanol. Would the product бе (А) or (5)? 


STRATEGY AND ANSWER No bonds to the chirality center would be broken, so we can reason that the product 
would be the following. 


Н, LO KI 0и 
SU e acetone SD rd 
(R)-1-Bromo-2-butanol (R)-1-lodo-2-butanol 


The configuration of the product would still be (R) because replacing the bromine at C1 with an iodine atom does 
not change the relative priority of C1. 


5.15A Relative and Absolute Configurations 


Reactions in which no bonds to the chirality center are broken are useful in relating con- 
figurations of chiral molecules. That is, they allow us to demonstrate that certain compounds 
have the same relative configuration. In each of the examples that we have just cited, the 
products of the reactions have the same relative configurations as the reactants. 


@ Chirality centers in different molecules have the same relative configuration if 
they share three groups in common and if these groups with the central carbon can 
be superposed in a pyramidal arrangement. 


Y The chirality centers 


| in I and II have the 
A\ "C same relative 


configuration. Their 


I common groups and 
X central carbon can 
be superposed. 
B 
II 


Before 1951 only relative configurations of chiral molecules were known. No one prior 
to that time had been able to demonstrate with certainty what the actual spatial arrange- 
ment of groups was in any chiral molecule. To say this another way, no one had been able 
to determine the absolute configuration of an optically active compound. 


@ The absolute configuration of a chirality center is its (А) or (S) designation, 
which can only be specified by knowledge of the actual arrangement of groups in 
space at the chirality center. 


' 
ө. ‘ бе 
[ і 
П 
нас А „Син 
e^ NV 
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5.15 Relating Configurations through Reactions 


Prior to any known absolute configurations, the configurations of chiral molecules were 
related to each other through reactions of known stereochemistry. Attempts were also made 
to relate all configurations to a single compound that had been chosen arbitrarily to be the 
standard. This standard compound was glyceraldehyde: 


OH 
но. 20 
H 


Glyceraldehyde 


Glyceraldehyde has one chirality center; therefore, glyceraldehyde exists as a pair of 
enantiomers: 


3» 
2 о < 
H, Юн HO, ,H J 
A Sere ^ o Lo 9 e? 
H à ә | 


(R)-Glyceraldehyde (S)-Glyceraldehyde ә 


In one system for designating configurations, (R)-glyceraldehyde is called 
D-glyceraldehyde and (S)-glyceraldehyde is called L-glyceraldehyde. This system 
of nomenclature is used with a specialized meaning in the nomenclature of car- 
bohydrates. (See Section 22.2B.) 


One glyceraldehyde enantiomer is dextrorotatory (+) and the other, of course, is lev- 
orotatory (—). Before 1951 no one was sure, however, which configuration belonged to 
which enantiomer. Chemists decided arbitrarily to assign the (R) configuration to the (+)- 
enantiomer. Then, configurations of other molecules were related to one glyceraldehyde 
enantiomer or the other through reactions of known stereochemistry. 

For example, the configuration of (—)-lactic acid can be related to (+)-glyceraldehyde 
through the following sequence of reactions in which no bond to the chirality center is broken: 


H ОН H, ОН H, OH 
Ho. ^c до "9 , но с^ o "€ qw “с^ о Wo, 
М na (oxidation) 27 Y H,O е а i di HBr 
OH a OH 
This bond i 
(+)-Glyceraldehyde Uakti (—)-Glyceric acid lo ipi (+)-Ilsoserine 
H OH H OH 
Note that no bonds %, P ^. P 
directly to the chirality Br UC О Zn, H,0* H ae O 
А Пе 3 
center are broken. This ропа Y B 
is broken. OH OH 
(—)-3-Bromo-2-hydroxy- (—)-Lactic acid 


propanoic acid 


The stereochemistry of all of these reactions is known. Because none of the bonds to 
the chirality center (shown in red) has been broken during the sequence, its original con- 
figuration is retained. If the assumption is made that (+ )-glyceraldehyde is the (R) stereoiso- 
mer, and therefore has the following configuration, 


H H 
HO d 
in 


r 


(R)-(+)-Glyceraldehyde 
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Review Problem 5.31 


Review Problem 5.32 


Solved Problem 5.8 
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then (—)-lactic acid is also an (R) stereoisomer and its configuration is 


H OH 
T€ 


«o^ ° 
OH 


(R)-(—)-Lactic acid 


Write bond-line three-dimensional formulas for the starting compound, the product, and 
all of the intermediates in a synthesis similar to the one just given that relates the configu- 
ration of (—)-glyceraldehyde with (+)-lactic acid. Label each compound with its proper 
(R) or (S) and (+) or (—) designation. 


The configuration of (—)-glyceraldehyde was also related through reactions of known 
stereochemistry to (+)-tartaric acid: 


HO;C COH 
(+)-Tartaric acid 


In 1951 J. M. Bijvoet, the director of the van't Hoff Laboratory of the University of 
Utrecht in the Netherlands, using a special technique of X-ray diffraction, was able to show 
conclusively that (+ )-tartaric acid had the absolute configuration shown above. This meant 
that the original arbitrary assignment of the configurations of (+)- and ( —)-glyceraldehyde 
was also correct. It also meant that the configurations of all of the compounds that had been 
related to one glyceraldehyde enantiomer or the other were now known with certainty and 
were now absolute configurations. 


Fischer projection formulas are often used to depict compounds such as glyceraldehyde, 
lactic acid, and tartaric acid. Draw Fischer projections for both enantiomers of (a) glycer- 
aldehyde, (b) tartaric acid, and (c) lactic acid, and specify the (R) or (S) configuration at 
each chirality center. [Note that in Fischer projection formulas the terminal carbon that is 
most highly oxidized is placed at the top of the formula (an aldehyde or carboxylic acid 
group in the specific examples here).] 


Write a Fischer projection formula for a tartaric acid isomer that is not chiral. 


STRATEGY AND ANSWER We reason that because tartaric acid has two chirality centers, the achiral isomer must 
have a plane of symmetry and be a meso compound. 


СОН 


Plane of 
symmetry 


CO5H 


meso-Tartaric acid 
(achiral) 


5.16 Separation of Enantiomers: Resolution 
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5.16 Separation of Enantiomers: Resolution 


So far we have left unanswered an important question about optically active compounds 
and racemic forms: How are enantiomers separated? Enantiomers have identical solubili- 
ties in ordinary solvents, and they have identical boiling points. Consequently, the con- 
ventional methods for separating organic compounds, such as crystallization and 
distillation, fail when applied to a racemic form. 


5.16A Pasteur's Method for Separating Enantiomers 


It was, in fact, Louis Pasteur's separation of a racemic form of a salt of tartaric acid in 1848 
that led to the discovery of the phenomenon called enantiomerism. Pasteur, consequently, 
is often considered to be the founder of the field of stereochemistry. 

(+)-Tartaric acid is one of the by-products of wine making (nature usually only syn- 
thesizes one enantiomer of a chiral molecule). Pasteur had obtained a sample of racemic 
tartaric acid from the owner of a chemical plant. In the course of his investigation Pasteur 
began examining the crystal structure of the sodium ammonium salt of racemic tartaric acid. 
He noticed that two types of crystals were present. One was identical with crystals of the 
sodium ammonium salt of (4-)-tartaric acid that had been discovered earlier and had been 
shown to be dextrorotatory. Crystals of the other type were nonsuperposable mirror images 
of the first kind. The two types of crystals were actually chiral. Using tweezers and a mag- 
nifying glass, Pasteur separated the two kinds of crystals, dissolved them in water, and 
placed the solutions in a polarimeter. The solution of crystals of the first type was dextro- 
rotatory, and the crystals themselves proved to be identical with the sodium ammonium salt 
of (+)-tartaric acid that was already known. The solution of crystals of the second type 
was levorotatory; it rotated plane-polarized light in the opposite direction and by an equal 
amount. The crystals of the second type were of the sodium ammonium salt of (—)-tartaric 
acid. The chirality of the crystals themselves disappeared, of course, as the crystals dis- 
solved into their solutions, but the optical activity remained. Pasteur reasoned, therefore, 
that the molecules themselves must be chiral. 

Pasteur's discovery of enantiomerism and his demonstration that the optical activity of 
the two forms of tartaric acid was a property of the molecules themselves led, in 1874, to 
the proposal of the tetrahedral structure of carbon by van't Hoff and Le Bel. 

Unfortunately, few organic compounds give chiral crystals as do the (+)- and (—)-tartaric 
acid salts. Few organic compounds crystallize into separate crystals (containing separate enan- 
tiomers) that are visibly chiral like the crystals of the sodium ammonium salt of tartaric acid. 
Pasteur's method, therefore, is not generally applicable to the separation of enantiomers. 


5.16B Current Methods for Resolution of Enantiomers 
One of the most useful procedures for separating enantiomers is based on the following: 


@ When а racemic mixture reacts with a single enantiomer of another compound, a mix- 
ture of diastereomers results, and diastereomers, because they have different melting 
points, boiling points, and solubilities, can be separated by conventional means. 


Diastereomeric recrystallization is one such process. We shall see how this is done in Section 
20.3F. Another method is resolution by enzymes, whereby an enzyme selectively converts 
one enantiomer in a racemic mixture to another compound, after which the unreacted enan- 
tiomer and the new compound are separated. The reaction by lipase in Section 5.10B is an 
example of this type of resolution. Chromatography using chiral media is also widely used 
to resolve enantiomers. This approach is applied in high-performance liquid chromatogra- 
phy (HPLC) as well as in other forms of chromatography. Diastereomeric interactions 
between molecules of the racemic mixture and the chiral chromatography medium cause 
enantiomers of the racemate to move through the chromatography apparatus at different 
rates. The enantiomers are then collected separately as they elute from the chromatogra- 
phy device. (See “The Chemistry о. . . HPLC Resolution of Enantiomers,” Section 20.3.) 


Tartaric acid crystals 
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5.17 Compounds with Chirality Centers Other than Carbon 


Any tetrahedral atom with four different groups attached to it is a chirality center. Shown 
here are general formulas of compounds whose molecules contain chirality centers other 
than carbon. Silicon and germanium are in the same group of the periodic table as carbon. 
They form tetrahedral compounds as carbon does. When four different groups are situated 
around the central atom in silicon, germanium, and nitrogen compounds, the molecules are 
chiral and the enantiomers can, in principle, be separated. Sulfoxides, like certain exam- 
ples of other functional groups where one of the four groups is a nonbonding electron pair, 
are also chiral. This is not the case for amines, however (Section 20.2B): 
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5.18 Chiral Molecules That Do Not Possess a Chirality Center 


A molecule is chiral if it is not superposable on its mirror image. The presence of a tetrahe- 
dral atom with four different groups is only one type of chirality center, however. While most 
of the chiral molecules we shall encounter have chirality centers, there are other structural attrib- 
utes that can confer chirality on a molecule. For example, there are compounds that have such 
large rotational barriers between conformers that individual conformational isomers can be sep- 
arated and purified, and some of these conformational isomers are stereoisomers. 
Conformational isomers that are stable, isolable compounds are called atropisomers. The 
existence of chiral atropisomers has been exploited to great effect in the development of chiral 
catalysts for stereoselective reactions. An example is BINAP, shown below in its enantiomeric 


forms: 
P(Ph) (Ph);P 
ce P(Ph), (Ph)P Ox 


(8)-ВІМАР (А)-ВІМАР 


The origin of chirality іп BINAP is the restricted rotation about the bond between the two 
nearly perpendicular naphthalene rings. This torsional barrier leads to two resolvable enan- 
tiomeric conformers, (5)- and (R)-BINAP. When each enantiomer is used as a ligand for 
metals such as ruthenium and rhodium (bound by unshared electron pairs on the phosphorus 
atoms), chiral organometallic complexes result that are capable of catalyzing stereoselec- 
tive hydrogenation and other important industrial reactions. The significance of chiral lig- 
ands is highlighted by the industrial synthesis each year of approximately 3500 tons of 
(—)-menthol using an isomerization reaction involving a rhodium (S)-BINAP catalyst. 

Allenes are compounds that also exhibit stereoisomerism. Allenes are molecules that 
contain the following double-bond sequence: 


% 
pececm 
» Twp 


The planes of ће т bonds of allenes are perpendicular to each other: 


Problems 


H H 


N XH 
qoem Са 


а 


Ним, 


-—————-—- 


Cie U—0—C0. Figure 5.22  Enantiomeric forms of 1,3-dichloroallene. These two 
cj molecules аге nonsuperposable mirror images of each other and 


I are therefore chiral. They do not possess a tetrahedral atom with 


Mirror four different groups, however. 


This geometry of the л bonds causes the groups attached to the end carbon atoms to lie in 
perpendicular planes, and, because of this, allenes with different substituents on the end 
carbon atoms are chiral (Fig. 5.22). (Allenes do not show cis-trans isomerism.) 


In This Chapter 


In this chapter you learned that the handedness of life begins at the molecular level. 
Molecular recognition, signaling, and chemical reactions in living systems often hinge on 
the handedness of chiral molecules. Molecules that bear four different groups at a tetrahe- 
dral carbon atom are chiral if they are nonsuperposable with their mirror image. The atoms 
bearing four different groups are called chirality centers. 

Mirror planes of symmetry have been very important to our discussion. If we want to 
draw the enantiomer of a molecule, one way to do so is to draw the molecule as if it were 
reflected in a mirror. If a mirror plane of symmetry exists within a molecule, then it is achi- 
ral (not chiral), even if it contains chirality centers. Using mirror planes to test for sym- 
metry is an important technique. 

In this chapter you learned how to give unique names to chiral molecules using the 
Cahn-Ingold-Prelog R,S—system. You have also exercised your mind's eye in visualizing mol- 
ecular structures in three dimensions, and you have refined your skill at drawing three-dimen- 
sional molecular formulas. You learned that pairs of enantiomers have identical physical 
properties except for the equal and opposite rotation of plane-polarized light, whereas diastere- 
omers have different physical properties from one another. Interactions between each enan- 
tiomer of a chiral molecule and any other chiral material lead to diastereomeric interactions, 
which lead to different physical properties that can allow the separation of enantiomers. 

Chemistry happens in three dimensions. Now, with the information from this chapter 
building on fundamentals you have learned about molecular shape and polarity in earlier 
chapters, you are ready to embark on your study of the reactions of organic molecules. 
Practice drawing molecules that show three dimensions at chirality centers, practice nam- 
ing molecules, and label their regions of partial positive and negative charge. Paying atten- 
tion to these things will help you learn about the reactivity of molecules in succeeding 
chapters. Most important of all, do your homework! 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


Problems 


ius Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
u 


teaching and learning solution. 


CHIRALITY AND STEREOISOMERISM 


5.33 Which of the following are chiral and, therefore, capable of existing as enantiomers? 


(a) 1,3-Dichlorobutane (d) 3-Ethylpentane 


(g) 2-Chlorobicyclo[2.1.1]hexane 


(b) 1,2-Dibromopropane (e) 2-Bromobicyclo[1.1.0]butane (h) 5-Chlorobicyclo[2.1.1]hexane 


(c) 1,5-Dichloropentane (f) 2-Fluorobicyclo[2.2.2]octane 
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5.34 


5.35 


5.36 


5.37 


5.38 


5.39 
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(a) How many carbon atoms does an alkane (not a cycloalkane) need before it is capable of existing in enantiomeric 
forms? (b) Give correct names for two sets of enantiomers with this minimum number of carbon atoms. 


Albuterol, shown here, is a commonly prescribed asthma medication. For OH 

either enantiomer of albuterol, draw a three-dimensional formula using H м 
dashes and wedges for bonds that are not in the plane of the paper. Choose HO N 

a perspective that allows as many carbon atoms as possible to be in the Mé Me 
plane of the paper, and show all unshared electron pairs and hydrogen HO 


atoms (except those on the methyl groups labeled Me). Specify the (К,5) 
configuration of the enantiomer you drew. 


Albuterol 


(a) Write the structure of 2,2-dichlorobicyclo[2.2.1]heptane. (b) How many chirality centers does it contain? (c) How 
many stereoisomers are predicted by the 2" rule? (d) Only one pair of enantiomers is possible for 2,2-dichlorobi- 
cyclo[2.2.1]heptane. Explain. 


Shown below are Newman projection formulas for (R,R)-, (S,S)-, and (R,S)-2,3-dichlorobutane. (a) Which is which? 
(b) Which formula is a meso compound? 


CH, CH, CH, 
H el H el Cl H 
[er H H el Cl H 
CH, CH, CH, 
A B С 


Write appropriate structural formulas for (a) a cyclic molecule that is a constitutional isomer of cyclohexane, (b) mol- 
ecules with the formula CgH42 that contain one ring and that are enantiomers of each other, (c) molecules with the 
formula СН о that contain one ring and that are diastereomers of each other, (d) molecules with the formula CgH42 
that contain no ring and that are enantiomers of each other, and (e) molecules with the formula CgH42 that contain 
no ring and that are diastereomers of each other. 


Consider the following pairs of structures. Designate each chirality center as (R) or (S) and identify the relation- 
ship between them by describing them as representing enantiomers, diastereomers, constitutional isomers, or two 
molecules of the same compound. Use handheld molecular models to check your answers. 


Нас, „Br FH H H 
x | 
F В Сн (g) em CH, and НС", С 
Вг 


@ 20 and 


H 


в МИШ 
H «С Нз | 
(b) А and 
E NS СК 
Pe Br 3 
(c) and 
H 3C мем a wes 
j^ кар P 
Br H, CH 
H3C za Н Br M 3 
(d) ad n. U^ I 
| CH3 H CH3 
Br 
H = СНз НзС СНз 
(е) Pac F and F wp H 
HaC н H Br 
Нас, н Сю 


ө. 5 бе 
1 H [ 
"fa 2 “ee 
Problems i 227 
CH, CH, Cl Cl 
Cl Br H (0) and 
and 
Br CI CI CI 
CH, CH, Cl Cl Cl Кє 
(р) апа ц 
and cf а сі а! 
H Br 
$ Br $ wH 


(9) C=C=Cr H and C=C=CrN B 
РА РА r 
(n) nf and > Br H 


5.40 


5.41 


5.42 


5.43 


5.44 


5.45 


5.46 


Discuss the anticipated stereochemistry of each of the following compounds. 
(a) CICH=C=C=CHCI (b) CH:=C=C=CHCI (c) CICH=C=C=CCl 


Tell whether the compounds of each pair are enantiomers, diastereomers, constitutional isomers, or not isomeric. 


(a) CHO CHO (b) CHO CHO 
H OH HO H HO H H OH 
and and 
H OH H OH H OH HO H 
СНОН СНОН СНОН СНОН 
(с) CHO CHO (d) СНОН CHO 
H—— OH HO—T——H H OH HO H 
and and 
H———OH НОН H OH HO H 
СЊОН СЊОН CHO CH2OH 


A compound D with the molecular formula CgH42 is optically inactive but can be resolved into enantiomers. On 
catalytic hydrogenation, D is converted to E (CgH44) and E is optically inactive. Propose structures for D and E. 
Compound F has the molecular formula C5Hg and is optically active. On catalytic hydrogenation F yields G (C5H42) 
and G is optically inactive. Propose structures for F and G. 

Compound H is optically active and has the molecular formula С5Н о. On catalytic hydrogenation Н is converted 
to I (CgH42) and I is optically inactive. Propose structures for Н and I. 

Aspartame is an artificial sweetener. Give the (R,S) designation for each chirality center of aspartame. 


Aspartame 
There are four dimethylcyclopropane isomers. (a) Write three-dimensional formulas for these isomers. (b) Which 
of the isomers are chiral? (c) If a mixture consisting of 1 mol of each of these isomers were subjected to simple 
gas chromatography (an analytical method that can separate compounds according to boiling point), how many 
fractions would be obtained and which compounds would each fraction contain? (d) How many of these fractions 
would be optically active? 
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5.47 


5.48 
5.49 
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(Use models to solve this problem.) (a) Write a conformational structure for the most stable conformation of trans- 
1,2-diethylcyclohexane and write its mirror image. (b) Are these two molecules superposable? (c) Are they inter- 
convertible through a ring "flip"? (d) Repeat the process in part (a) with cis-1,2-diethylcyclohexane. (e) Are these 
structures superposable? (f) Are they interconvertible? 

(Use models to solve this problem.) (a) Write a conformational structure for the most stable conformation of trans-1,4- 
diethylcyclohexane and for its mirror image. (b) Are these structures superposable? (c) Do they represent enantiomers? 
(d) Does trans-1,4-diethylcyclohexane have a stereoisomer, and if so, what is it? (e) Is this stereoisomer chiral? 

(Use models to solve this problem.) Write conformational structures for all of the stereoisomers of 1,3-diethylcy- 
clohexane. Label pairs of enantiomers and meso compounds if they exist. 


| Challenge Problems 


A 5.50 
/ 


% 5.51 
6 5.52 


5.53 


Tartaric acid [HOsCCH(OH)CH(OH)CO>H] was an important compound in the history of stereochemistry. Two nat- 
urally occurring forms of tartaric acid are optically inactive. One optically inactive form has a melting point of 
210-212?C, the other a melting point of 140°C. The inactive tartaric acid with a melting point of 210—212?C can be 
separated into two optically active forms of tartaric acid with the same melting point (168—170?C). One optically active 
tartaric acid has [915 = +12, and the other, [915 = — 12. All attempts to separate the other inactive tartaric acid (melt- 
ing point 140?C) into optically active compounds fail. (a) Write the three-dimensional structure of the tartaric acid 
with melting point 140°C. (b) Write structures for the optically active tartaric acids with melting points of 168—170°C. 
(c) Can you determine from the formulas which tartaric acid in (b) has a positive rotation and which has a negative 
rotation? (d) What is the nature of the form of tartaric acid with a melting point of 210-212?C? 


(a) An aqueous solution of pure stereoisomer X of concentration 0.10 g mL ^! had an observed rotation of —30? in a 
1.0-dm tube at 589.6 nm (the sodium D line) and 25°C. What do you calculate its [о] to be at this temperature? 


(b) Under identical conditions but with concentration 0.050 g mL !, a solution of X had an observed rotation of 
+1659. Rationalize how this could be and recalculate [o ]p for stereoisomer X. 


(c) If the optical rotation of a substance studied at only one concentration is zero, can it definitely be concluded to 
be achiral? Racemic? 


If a sample of a pure substance that has two or more chirality centers has an observed rotation of zero, it could be 
a racemate. Could it possibly be a pure stereoisomer? Could it possibly be a pure enantiomer? 

Unknown Y has a molecular formula of СаН602. It contains one functional group that absorbs infrared radiation 
in the 3200—3550-cm ! region (when studied as a pure liquid; i.e., “пеаі”), and it has no absorption in the 
1620—1780-cm ^! region. No carbon atom in the structure of Y has more than one oxygen atom bonded to it, and 
Y can exist in two (and only two) stereoisomeric forms. What are the structures of these forms of Y? 


Learning Group Problems 


Streptomycin is an antibiotic that is especially useful against penicillin-resistant bacteria. The structure of strepto- 
mycin is shown in Section 22.17. (a) Identify all of the chirality centers in the structure of streptomycin. (b) Assign 
the appropriate (R) or (S) designation for the configuration of each chirality center in streptomycin. 


D-Galactitol is one of the toxic compounds produced by the disease galactosemia. CH,OH 

Accumulation of high levels of p-galactitol causes the formation of cataracts. A Fischer pro- 

jection for D-galactitol is shown at right: H OH 

(a) Draw a three-dimensional structure for p-galactitol. HO 

(b) Draw the mirror image of D-galactitol and write its Fischer HO 
projection formula. 

(c) What is the stereochemical relationship between D-galactitol H OH 
and its mirror image? CH,OH 


Cortisone is a natural steroid that can be isolated from the adrenal cortex. It has anti-inflammatory properties and 
is used to treat a variety of disorders (e.g., as a topical application for common skin diseases). The structure of cor- 
tisone is shown in Section 23.4D. (a) Identify all of the chirality centers in cortisone. (b) Assign the appropriate 
(R) or (S) designation for the configuration of each chirality center in cortisone. 
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lonic Reactions 


Nucleophilic Substitution and Elimination 
Reactions of Alkyl Halides 


Organic syntheses, whether they take place in the glassware of the laboratory or in the cells of a living organ- 
ism, often involve fairly simple processes, such as the installation of a methyl group in just the right place. For 
example, we may want to install a methyl group on the nitrogen atom of a tertiary amine, a reaction that has 
an important counterpart in biochemistry. To do this we often employ a reaction like the following: 


» | 
R—N ње — RON’ CH, 


R 


— 


If we wanted to describe this reaction to an organic chemist we would describe it as a nucleophilic substitu- 
tion reaction, a kind of reaction we describe in detail in this chapter. 

On the other hand, if we wanted to describe this reaction to a biochemist, we might call it a methyl trans- 
fer reaction. Biochemists have described many similar reactions this way, for example, the reaction below that 
transfers a methyl group from S-adenosylmethionine (SAM) to a tertiary amine to make choline. Choline is 
incorporated into the phospholipids of our cell membranes, and it is the hydrolysis product of acetylcholine, an 
important neurotransmitter. (Crystals of acetylcholine are shown in the polarized light microscopy image above.) 

Now, the biological reaction may seem more complicated, but its essence is similar to many nucleophilic 
substitution reactions we shall study in this chapter. First we consider alkyl halides, one of the most important 
types of reactants in nucleophilic substitution reactions. 
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еы СНз 
на“ на. + ыб 65+ —> Nt + 58 5. 
pou 3 2 is diis "^R но ~ VCHs 2 b dis vs. R 


NH3 СНз мн; 
S-Adenosylmethionine Choline 
(SAM) 


МН, 
№ 
yr “№ 
ae 
"y о 


HO OH 


R 


6.1 Organic Halides 


The halogen atom of an alkyl halide is attached to an sp>-hybridized carbon. The arrange- 
ment of groups around the carbon atom, therefore, is generally tetrahedral. Because halo- 
gen atoms are more electronegative than carbon, the carbon-halogen bond of alkyl halides 
is polarized; the carbon atom bears a partial positive charge, the halogen atom a partial neg- 
ative charge: 


VES 8- 
"m C——X 
“4 


Halogen atom size increases as we go down the periodic table: fluorine atoms are the small- 
est and iodine atoms the largest. Consequently, the carbon-halogen bond length increases 
and carbon-halogen bond strength decreases as we go down the periodic table (Table 6.1). 
Maps of electrostatic potential (see Table 6.1) at the van der Waals surface for the four methyl 


uu) Carbon-Halogen Bond Lengths and Bond Strengths 


H H H H 


H—C—F н–с— а H—Cc— Br H—c—1 
C—X Bond length (А) 1.39 1.78 1.93 2.14 
C—X Bond strength 472 350 293 239 


(kJ тој“ ') 
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Dichloromethane (CH2CI;), a 
common laboratory solvent 
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halides, with ball-and-stick models inside, illustrate the trend in polarity, C — X bond length, 
and halogen atom size as one progresses from fluorine to iodine substitution. Fluoromethane 
is highly polar and has the shortest C—X bond length and the strongest C—X bond. 
Iodomethane is much less polar and has the longest C—X bond length and the weakest 
C—X bond. 

In the laboratory and in industry, alkyl halides are used as solvents for relatively non- 
polar compounds, and they are used as the starting materials for the synthesis of many com- 
pounds. As we shall learn in this chapter, the halogen atom of an alkyl halide can be easily 
replaced by other groups, and the presence of a halogen atom on a carbon chain also affords 
us the possibility of introducing a multiple bond. 

Alkyl halides are classified as primary (1°), secondary (2°), or tertiary (3°) according to the 
number of carbon atoms directly bonded to the carbon bearing the halogen (Section 2.5). 
Compounds in which a halogen atom is bonded to an sp?-hybridized carbon are called 
vinylic halides or phenyl halides. The compound CHo—CHCI has the common name vinyl 
chloride, and the group CH2—CH — is commonly called the vinyl group. Vinylic halide, 
therefore, is a general term that refers to a compound in which a halogen is attached to a 
carbon atom that is also forming a double bond to another carbon atom. Phenyl halides are 
compounds in which a halogen is attached to a benzene ring (Section 2.4B). Phenyl halides 
belong to a larger group of compounds that we shall study later, called aryl halides. 


$ / 
/ N 
X 


A vinylic halide A phenyl halide or aryl halide 


Together with alkyl halides, these compounds comprise a larger group of compounds 
known simply as organic halides or organohalogen compounds. The chemistry of vinylic 
and aryl halides is, as we shall also learn later, quite different from that of alkyl halides, 
and it is on alkyl halides that we shall focus most of our attention in this chapter. 


6.1A Physical Properties of Organic Halides 


Most alkyl and aryl halides have very low solubilities in water, but as we might expect, 
they are miscible with each other and with other relatively nonpolar solvents. 
Dichloromethane (СН2СІ», also called methylene chloride), trichloromethane (CHCls, also 
called chloroform), and tetrachloromethane (CCl4, also called carbon tetrachloride) are 
sometimes used as solvents for nonpolar and moderately polar compounds. Many 
chloroalkanes, including CH2Cl2, CHCl3, and CCl4, have a cumulative toxicity and are car- 
cinogenic, however, and should therefore be used only in fume hoods and with great care. 
Table 6.2 lists the physical properties of some common organic halides. 


TABLE 6.2 Organic Halides 


Fluoride Chloride Bromide lodide 
Density? Density? Density? Density? 
Group Бр (°C) (ә ті!) bp(C) (gmL?) bp(C) (ті?) bp (°С) (gmL !) 
Methyl –78.4 0,84“ 60 —23.8 0.9220 3.6 1.730 42.5 2,2820 
Ethyl –37.7 0.72% 13.1 0.9113 38.4 1.4620 72 1.9520 
Propyl –2.5 0782 46.6 0.8920 70.8 1,354" 102 41,749" 
Isopropyl –9.4 0.722 34 0.8620 59.4 131° 89.4 1:70% 
Butyl 32 0.7820 78.4 0.8920 101 1,277 130 1.6199 
sec-Butyl = — 68 0:87" 91.2 1.2620 120 1.6020 
Isobutyl — — 69 0:87" 91 126" 119 1.6020 
tert-Butyl 12 O75" 51 0.8420 73.3 1.2229 100 dec? 1.579 


?Densities were measured at temperature (°C) indicated in superscript. 


PDecomposes is abbreviated dec. 


6.2 Nucleophilic Substitution Reactions 


Give IUPAC names for each of the following. 
Br 
CH 
(a) (b) < ? (c) 
Br 


Classify each of the following organic halides as primary, secondary, tertiary, vinylic, or aryl. 


Br Br 
(a) 0) ^ M Wd PM Е 
Е 
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Review Problem 6.1 


Review Problem 6.2 


(e) pau 
| 


6.2 Nucleophilic Substitution Reactions 


Nucleophilic substitution reactions, like the examples mentioned at the beginning of this 
chapter, are among the most fundamental types of organic reactions. In general, we can 
depict nucleophilic substitution reactions in the following way: 


Ми : 7 + R—LG — В—Ми + а“ 
Nucleophile Substrate Product Leaving group 


In this type of reaction a nucleophile (Nu:) replaces a leaving group (LG) in the molecule 
that undergoes substitution (called the substrate). The nucleophile is always a Lewis base, and 
it may be negatively charged or neutral. The leaving group is always a species that takes a pair 
of electrons with it when it departs. Often the substrate is an alkyl halide (R—X:) and the 


leaving group is a halide anion ( X: ~), as in the examples of nucleophilic substitution below. 
| | 
R we негу > R v CHa + (Ï 
R R 
HÖ:- + CH;—I: —> CH,—OH + :1:- 


сн;б:- + CH,CH,—Br: —> CH,CH,—OCH, + :Br:- 
о + ON OS + ë 


Later we shall see examples of leaving groups other than halide anions. Some of these 
leaving groups depart as neutral species. For the time being, however, our examples will 
involve alkyl halides, which we represent generally as R—X:. 

In nucleophilic substitution reactions the bond between the substrate carbon and the leav- 
ing group undergoes heterolytic bond cleavage, and the unshared electron pair of the nucle- 
ophile forms a new bond to the carbon atom. 


Ми :“ s R—LG > R—Nu + а“ 
The nucleophile The bond The nucleophile Тһе leaving 
donates an between the uses its electron group gains 
electron pair to carbon and the pair to form a the pair of 
the substrate. leaving group new covalent electrons that 
breaks, giving bond with the originally 
both electrons substrate bonded it in 
from the bond to carbon. the substrate. 


the leaving group. 


Helpful Hint 


In Section 6.14 we shall see 
examples of biological nucleophilic 
substitution. 


Helpful Hint 


In color-coded reactions of this 
chapter, we will use red to indicate 
a nucleophile and blue to indicate 

a leaving group. 
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A key question we shall want to address later in this chapter is this: When does the bond 
between the leaving group and the carbon break? Does it break at the same time that the 
new bond between the nucleophile and carbon forms, as shown below? 


"oup Ts a pn S 
Nu: + R—X: — Nu---R---X: —> Nu—R + :Х“ 


Or, does the bond to the leaving group break first? 
R—X: — Rr + :Х: Е 
Followed by 


P а 
Nu: + Rt — Nu—R 


We shall find that the answer depends greatly on the structure of the substrate. 


Solved Problem 6.1 


(a) A solution containing methoxide ions, CH3O ions (as NaOCHs), in methanol can be prepared by adding sodium 
hydride (NaH) to methanol (CH3OH). A flammable gas is the other product. Write the acid-base reaction that 
takes place. (b) Write the nucleophilic substitution that takes place when CHal is added and the resulting solu- 
tion is heated. 


STRATEGY AND ANSWER 


(a) We recall from Section 3.15 that sodium hydride consists of Ма? ions and hydride ions (H: ions), and that the 
hydride ion is a very strong base. [It is the conjugate base of Ho, a very weak acid (pK, = 35, see Table 3.1).] 
The acid-base reaction that takes place is 


TS ee a CN DET 
Снаб H +  Na^':H — HC—Ó: ма +  H:H 


Methanol Sodium Sodium Hydrogen 
(stronger acid) hydride methoxide (weaker acid) 
(stronger base) (weaker base) 


(b) The methoxide ion reacts with the alkyl halide (CHsl) in a nucleophilic substitution: 


m E RIED es m 2 Ante 
CH3—O: Na + СНз—1: THOR H3C—O—C На + Na + il: 
3 


6.3 Nucleophiles 


A nucleophile is a reagent that seeks a positive center. 


€ Any negative ion or uncharged molecule with an unshared electron pair is a poten- 
tial nucleophile. 


Нарл ш Hint When a nucleophile reacts with an alkyl halide, the carbon atom bearing the halogen atom 

You may wish to review Section is the positive center that attracts the nucleophile. This carbon carries a partial positive 

3.3A, "Opposite Charges Attract.” charge because the electronegative halogen pulls the electrons of the carbon-halogen bond 
in its direction. 


\+ o> 
2 Cok: 
‘4 
This is the positive The electronegative halogen 
center that the polarizes the C—X bond. 


nucleophile seeks. 


6.3 Nucleophiles 


Let us look at two examples, one in which the nucleophile (a hydroxide ion) bears a 
negative charge, and one in which the nucleophile (water) is uncharged. In the first exam- 
ple below involving a negative nucleophile, the reaction produces an alcohol directly. This 
is because the formal negative charge of the nucleophile is neutralized when the nucleophile 
uses one of its unshared electron pairs to form a covalent bond. 


General Reaction for Nucleophilic Substitution 
of an Alkyl Halide by Hydroxide lon 


н—0:- + А-Х: — H—O—R +  :X- 
Nucleophile Alkyl halide Alcohol Leaving group 


In the second example, involving a neutral nucleophile (water), the reaction leads to a 
product that initially bears a formal positive charge. This is because use of an unshared elec- 
tron pair from the neutral nucleophile leaves the nucleophilic atom with a formal positive 
charge after the bond is formed. The initial product in this case is called an alkyloxonium 
ion. In a subsequent step a proton is removed from the alkyloxonium ion to form the neu- 
tral alcohol. 


General Reaction for Nucleophilic Substitution 
of an Alkyl Halide by Water 


H—Ö: + А-Х: —— нӧв + :Х:- 


H H 
Nucleophile Alkyl Alkyloxonium 
halide ion 
но || 


H—Ö—R + нб + :Х:- 


In a reaction like this the nucleophile is a solvent molecule (as is often the case when neu- 
tral nucleophiles are involved). Since solvent molecules are present in great excess, the 
equilibrium favors transfer of a proton from the alkyloxonium ion to a water molecule. 
(This type of reaction is an example of solvolysis, which we shall discuss further in 
Section 6.12B.) 

The reaction of ammonia (NH3) with an alkyl halide, as shown below, provides another 
example where the nucleophile is uncharged. An excess of ammonia favors equilibrium 
removal of a proton from the alkylaminium ion to form the neutral amine. 


| | 
ip: + R—X: — Ken + XP 


H H 
Nucleophile Alkyl Alkylaminium 
halide ion 
:NH, | 
(excess) 


H—Ä—R + NH, + 3% 
H 


An amine 
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Helpful Hint 


A deprotonation step is always 
required to complete the reaction 
when the nucleophile was a neutral 
atom that bore a proton. 
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Solved Problem 6.2 
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Write the following as net ionic equations and designate the nucleophile, substrate, and leaving group in each case. 


(a) 
P Moe | Eos c + o Na ds 
(b) 

==: Na = CH3 UR 
у + СНз] > / + Ма: 
(c) 


2H3N: + А Би — pa uM + NH," di : Bri 


STRATEGY A net ionic equation does not include spectator ions but is still balanced in terms of charges and the 
remaining species. Spectator ions are those ions which have not been involved in covalent bonding changes dur- 
ing a reaction, and which appear on both sides of a chemical equation. In reactions (a) and (b) the sodium ion is a 
spectator ion, thus the net ionic equation would not include them, and their net ionic equations would have a net 
negative charge on each side of the arrow. Equation (c) has no ions present among the reactants, and thus the ions 
found with the products are not spectator ions—they have resulted from covalent bonding changes. Equation (c) 
cannot be simplified to a net ionic equation. 

Nucleophiles use a pair of electrons to form a covalent bond that is present in a product molecule. In all of the 
above reactions we can identify a species that used a pair of electrons in this way. These are the nucleophiles. 
Leaving groups depart from one of the reactant molecules and take a pair of electrons with them. In each reaction 
above we can identify such a species. Lastly, the reactant to which the nucleophile became bonded and from which 
the leaving groups departed is the substrate. 


ANSWER The net ionic equations are as follows for (a) and (b), and there is no abbreviated equation possible for 
(c). Nucleophiles, substrates, and leaving groups are labeled accordingly. 


(a) 
25 + CH3 Е > Ре dc JH 
Nucleophile Substrate Leaving 
group 
(b) 
L——i ey === СНз óc 
/ + (Св == / demus 
Nucleophile Substrate Leaving 
group 
(c) 
2 Нам: + Be Qu — pM + NHy + Br 
Nucleophile Substrate Leaving 
group 
Review Problem 6.3 Write the following as net ionic equations and designate the nucleophile, substrate, and leav- 


ing group in each reaction: 

(a) СНзі + Снасњгома — СНзОСНСНз + Nal 

(b) Nal  CHa3CH2Br — > CH3CHel + NaBr 

(c) 2 CHOH + (CH3)3CCl —— (CH3)3COCH3 + CH30H2* + СГ 
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6.5 Kinetics of a Nucleophilic Substitution Reaction: Ап 5,2 Reaction 


( ^B + Масм — ^ CN + NaBr 


B NH 
Су | + 2NH, — Cy ? + NH,Br 


To act as the substrate in a nucleophilic substitution reaction, a molecule must have a good 
leaving group. 


6.4 Leaving Groups 


9 A good leaving group is a substituent that can leave as a relatively stable, weakly 
basic molecule or ion. 


In the examples shown above (Sections 6.2 and 6.3) the leaving group has been a halogen. 
Halide anions are weak bases (they are the conjugate bases of strong acids, HX), and there- 
fore halogens are good leaving groups. 

Some leaving groups depart as neutral molecules, such as a molecule of water or an alco- 
hol. For this to be possible, the leaving group must have a formal positive charge while it 
is bonded to the substrate. When this group departs with a pair of electrons the leaving 
group’s formal charge goes to zero. The following is an example where the leaving group 
departs as a water molecule. 


CH,—Ó: + сн—6—н — CH,—6*-CH, + :Ö—H Helpful Hint 
| | | Note that the net charge is the 
H H H same on each side of a properly 


written chemical equation. 


As we shall see later, the positive charge on a leaving group (like that above) usually results 
from protonation of the substrate by an acid. However, use of an acid to protonate the substrate 
and make a positively charged leaving group is feasible only when the nucleophile itself is not 
strongly basic, and when the nucleophile is present in abundance (such as in solvolysis). 

Let us now begin to consider the mechanisms of nucleophilic substitution reactions. How 
does the nucleophile replace the leaving group? Does the reaction take place in one step 
or is more than one step involved? If more than one step is involved, what kinds of inter- 
mediates are formed? Which steps are fast and which are slow? In order to answer these 
questions, we need to know something about the rates of chemical reactions. 


6.5 Kinetics of a Nucleophilic Substitution Reaction: An Sy2 Reaction 


To understand how the rate of a reaction (kinetics) might be measured, let us consider an 
actual example: the reaction that takes place between chloromethane and hydroxide ion in 
aqueous solution: 
_ 60°C Е 
CHs4—Cl + OH mj сњ—он + Cl 

Although chloromethane is not highly soluble in water, it is soluble enough to carry out our 
kinetic study in an aqueous solution of sodium hydroxide. Because reaction rates are known 
to be temperature dependent (Section 6.7), we carry out the reaction at a constant temperature. 


6.5A How Do We Measure the Rate of This Reaction? 


The rate of the reaction can be determined experimentally by measuring the rate at which 
chloromethane or hydroxide ion disappears from the solution or the rate at which methanol or 
chloride ion appears in the solution. We can make any of these measurements by withdraw- 
ing a small sample from the reaction mixture soon after the reaction begins and analyzing it 
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for the concentrations of CH3Cl or OH” and CH3OH or СІ. We are interested in what аге 
called initial rates, because as time passes the concentrations of the reactants change. Since we 
also know the initial concentrations of reactants (because we measured them when we made 
up the solution), it will be easy to calculate the rate at which the reactants are disappearing from 
the solution or the products are appearing in the solution. 

We perform several such experiments keeping the temperature the same but varying the 
initial concentrations of the reactants. The results that we might get are shown in Table 6.3. 


CCID ==) ) Rate Study of Reaction of CH3Cl with ОН“ at 60°C 


Experiment Initial Initial Initial Rate 
Number [CH3Cl] [OH ] (mol L^' s^!) 
1 0.0010 1.0 4.9 x 1077 
2 0.0020 1.0 9.8 x 1077 
3 0.0010 2.0 9.8 x 1077 
4 0.0020 2.0 19.6 x 1077 


Notice that the experiments show that the rate depends on the concentration of 
chloromethane and on the concentration of hydroxide ion. When we doubled the concen- 
tration of chloromethane in experiment 2, the rate doubled. When we doubled the con- 
centration of hydroxide ion in experiment 3, the rate doubled. When we doubled both 
concentrations in experiment 4, the rate increased by a factor of four. 

We can express these results as a proportionality, 


Rate ~ [CH4CI]OH "] 


and this proportionality can be expressed as an equation through the introduction of a 
proportionality constant (k) called the rate constant: 


Rate = k[CH3CI][OH™] 


For this reaction at this temperature we find that k = 4.9 X 10 4 L тог“ ! s^ !, (Verify this 
for yourself by doing the calculation.) 


6.5B What Is the Order of This Reaction? 


This reaction is said to be second order overall.* It is reasonable to conclude, therefore, 
that for the reaction to take place a hydroxide ion and a chloromethane molecule must col- 
lide. We also say that the reaction is bimolecular. (By bimolecular we mean that two species 
are involved in the step whose rate is being measured. In general the number of species 
involved in a reaction step is called the molecularity of the reaction.) We call this kind of 
reaction an $2 reaction, meaning substitution, nucleophilic, bimolecular. 


6.6 A Mechanism for the Sy2 Reaction 


oq. 


A schematic representation of orbitals involved in an 542 reaction—based on ideas pro- 
posed by Edward D. Hughes and Sir Christopher Ingold in 1937—15 outlined below. 


Antibonding 
orbital 


i oi —" » €P е + Ф е 
Вопаіпе 


ла 


orbital 


*In general, the overall order of a reaction is equal to the sum of the exponents a and b in the rate equation Rate 
= КАЈ] [В]. If in some other reaction, for example, we found that Rate — МА] [B], then we would say that 
the reaction is second order with respect to [A], first order with respect to [B], and third order overall. 
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6.6 A Mechanism for the 542 Reaction 


According to this mechanism: 


@ The nucleophile approaches the carbon bearing the leaving group from the back 
side, that is, from the side directly opposite the leaving group. 


The orbital that contains the electron pair of the nucleophile (its highest occupied molec- 
ular orbital, or HOMO) begins to overlap with an empty orbital (the lowest unoccupied mol- 
ecular orbital, or LUMO) of the carbon atom bearing the leaving group. As the reaction 
progresses, the bond between the nucleophile and the carbon atom strengthens, and the bond 
between the carbon atom and the leaving group weakens. 


9 As the nucleophile forms a bond and the leaving group departs, the substrate carbon 
atom undergoes inversion —its tetrahedral bonding configuration is turned inside out. 


The formation of the bond between the nucleophile and the carbon atom provides most of 
the energy necessary to break the bond between the carbon atom and the leaving group. 
We can represent this mechanism with chloromethane and hydroxide ion as shown in the 
box “Mechanism for the 542 Reaction" below. 


@ The Sy2 reaction proceeds in a single step (without any intermediates) through an 
unstable arrangement of atoms called the transition state. 


A MECHANISM FOR THE REACTION 


Mechanism for the 512 Reaction 


REACTION 
но“ + CHCI —> CH340H + CI- 
MECHANISM 
uH vor H 
see ~а Qui "NS Nas B NIS а SH re 
H—Ö > с аи —Ó i d muli = ss :СІ: 
H H H 
Transition state 

The negative hydroxide In the transition Now the bond 
ion brings a pair of state, a bond between the oxygen 
electrons to the partially between oxygen and carbon has 
positive carbon from and carbon is formed and the 
the back side with partially formed chloride ion has 
respect to the leaving and the bond departed. The 
group. The chlorine between carbon configuration of the 
begins to move away and chlorine is carbon has inverted. 
with the pair of partially broken. 
electrons that The configuration 
bonded it to of the carbon atom 
the carbon. begins to invert. 


"Considerable evidence had appeared in the years prior to Hughes and Ingold's 1937 publication indicating that 
in reactions like this an inversion of configuration of the carbon bearing the leaving group takes place. The first 
Observation of such an inversion was made by the Latvian chemist Paul Walden in 1896, and such inversions are 
called Walden inversions in his honor. We shall study this aspect of the 542 reaction further in Section 6.8. 
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The transition state is a fleeting arrangement of the atoms in which the nucleophile and 
the leaving group are both partially bonded to the carbon atom undergoing substitution. 
Because the transition state involves both the nucleophile (e.g., a hydroxide ion) and the 
substrate (e.g., a molecule of chloromethane), this mechanism accounts for the second-order 
reaction kinetics that we observe. 


© The Sy? reaction is said to be a concerted reaction, because bond forming and 
bond breaking occur in concert (simultaneously) through a single transition state. 


The transition state has an extremely brief existence. It lasts only as long as the time 
required for one molecular vibration, about 10 12 s, The structure and energy of the tran- 
sition state are highly important aspects of any chemical reaction. We shall, therefore, exam- 
ine this subject further in Section 6.7. 


€ A reaction that proceeds with a negative free-energy change (releases energy to its 
surroundings) is said to be exergonic; one that proceeds with a positive free- 
energy change (absorbs energy from its surroundings) is said to be endergonic. 


The reaction between chloromethane and hydroxide ion in aqueous solution is highly 
exergonic; at 60°C (333 K), AG? = —100 kJ mol !. (The reaction is also exothermic, 
AH? = —75 kj mol!) 


CH3-Cl + OH- —— CH3-OH + CI AG? = –100 kJ mol! 


The equilibrium constant for the reaction is extremely large, as we show by the following 
calculation: 


AG? = —RT In Ка 
—AG? 
In Keq = 
RT 
—(—100 kJ mol) 
In Ка = = = 
ч 0.00831 KJ K^! mol! x 333 K 

In Keq = 36.1 

Ка = 5.0 X 105 


An equilibrium constant as large as this means that the reaction goes to completion. 

Because the free-energy change is negative, we can say that in energy terms the reac- 
tion goes downhill. The products of the reaction are at a lower level of free energy than 
the reactants. However, if covalent bonds are broken in a reaction, the reactants must go 
up an energy hill first, before they can go downhill. This will be true even if the reaction 
is exergonic. 

We can represent the energy changes in a reaction using a graph called a free-energy 
diagram, where we plot the free energy of the reacting particles (y-axis) against the reac- 
tion coordinate (x-axis). Figure 6.1 is an example for a generalized Sy? reaction. 


@ The reaction coordinate indicates the progress of the reaction, in terms of the 
conversion of reactants to products. 


@ The top of the energy curve corresponds to the transition state for the reaction. 


е The free energy of activation (АС?) for the reaction is the difference in energy 
between the reactants and the transition state. 


ө The free energy change for the reaction (AG°) is the difference in energy 
between the reactants and the products. 
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6.7 Transition State Theory: Free-Energy Diagrams 


Transition state 


ô&-Nu-----R----- LG ô- 


Free energy of 
activation 


Reactants 
Free- 
energy ag 
change 
Nu—R + :LG- Figure 6.1 A free-energy 
diagram for a hypothetical 
Products exergonic 542 reaction (i.e., that 


takes place with a negative AG?, 
releasing energy to the 
Reaction coordinate surroundings). 


The top of the energy hill corresponds to the transition state. The difference in free 
energy between the reactants and the transition state is the free energy of activation, AG. 
The difference in free energy between the reactants and products is the free-energy change 
for the reaction, 407. For our example in Fig. 6.1, the free-energy level of the products is 
lower than that of the reactants. In terms of our analogy, we can say that the reactants in 
one energy valley must surmount an energy hill (the transition state) in order to reach the 
lower energy valley of the products. 

If a reaction in which covalent bonds are broken proceeds with a positive free-energy 
change (Fig. 6.2), there will still be a free energy of activation. That is, if the products have 
greater free energy than reactants, the free energy of activation will be even higher. (AG* 
will be larger than AG?.) In other words, in the uphill (endergonic) reaction an even larger 
energy hill lies between the reactants in one valley and the products in a higher one. 


Transition state 


Nu—R + :LG- 


Products 


AG? 
A 

Nu: + R-LG Figure 6.2 A free-energy 
diagram for a hypothetical 

endergonic Sy2 reaction (i.e., 

that takes place with a positive 

AG”, absorbing energy from 

Reaction coordinate the surroundings). 


Reactants 
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[7] 
SB 
8 Р 
= © 
ос 
= б 
o2 
со 
Qo 

Figure 6.3 The distribution of energies at two S = 

different temperatures, TLow and Thigh. The number ш= 

of collisions with energies greater than the free 

energy of activation is indicated by the 

corresponding shaded area under each curve. Energy —> 


Review Problem 6.4 


6.7A Temperature, Reaction Rate, and the Equilibrium 
Constant 


Most chemical reactions occur much more rapidly at higher temperatures. The increase in 
reaction rate for 542 reactions relates to the fact that at higher temperatures the number of 
collisions between reactants with sufficient energy to surmount the activation energy (AG?) 
increases significantly (see Fig. 6.3). 


Ф A 10°C increase in temperature will cause the reaction rate to double for many 
reactions taking place near room temperature. 


This dramatic increase in reaction rate results from a large increase in the number of col- 
lisions between reactants that together have sufficient energy to surmount the barrier at the 
higher temperature. The kinetic energies of molecules at a given temperature are not all the 
same. Figure 6.3 shows the distribution of energies brought to collisions at two temperatures 
(that do not differ greatly), labeled Tj оу and Thigh. Because of the way energies are distrib- 
uted at different temperatures (as indicated by the shapes of the curves), increasing the tem- 
perature by only a small amount causes a large increase in the number of collisions with larger 
energies. In Fig. 6.3 we have designated an arbitrary minimum free energy of activation as 
being required to bring about a reaction between colliding molecules. 

There is also an important relationship between the rate of a reaction and the magnitude 
of the free energy of activation. The relationship between the rate constant (k) and AG? is 
an exponential one: 

k= ky e- AGHRT 


In this equation, e = 2.718, the base of natural logarithms, and ko is the absolute rate 
constant, which equals the rate at which all transition states proceed to products. At 25?C, 
ig —62 x 10l^s- 1. 


€ A reaction with a lower free energy of activation (ЛС?) will occur exponentially faster 
than a reaction with a higher free energy of activation, as dictated by k — koe SGPT. 
Generally speaking, if a reaction has a AG? less than 84 kJ тог“ !, it will take place read- 
ily at room temperature or below. If AG* is greater than 84 kJ тог“ !, heating will be 
required to cause the reaction to occur at a reasonable rate. 
A free-energy diagram for the reaction of chloromethane with hydroxide ion is shown 
in Fig. 6.4. At 60?C, AG* = 103 kJ mol !, which means that at this temperature the reac- 
tion reaches completion in a matter of a few hours. 


Draw a hypothetical free-energy diagram for the 542 reaction of iodide anion with 
1-chlorobutane. Label the diagram as in Fig. 6.4, and assume it is exergonic but without 
specific values for AG? and АС. 
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6.8 The Stereochemistry of Sy2 Reactions 


Transition state 


Free energy of 
activation 


HO- + CHsCI 


Reactants 
Free- AG = 


CHOH + СІ- 


energy — 100 kJ mol"! 
change | 
Products Figure 6.4 A free-energy 
diagram for the reaction of 
chloromethane with hydroxide 
Reaction coordinate ion at 60°C. 


6.8 The Stereochemistry of Sy2 Reactions 


The stereochemistry of 542 reactions is directly related to key features of the mechanism 
that we learned earlier: 


9 The nucleophile approaches the substrate carbon from the back side with 
respect to the leaving group. In other words, the bond to the nucleophile that is 
forming is opposite (at 180?) to the bond to the leaving group that is breaking. 


@ Nucleophilic displacement of the leaving group in an Sy2 reaction causes inver- 
sion of configuration at the substrate carbon. 


We depict the inversion process as follows. It is much like the way an umbrella is 


inverted in a strong wind. Transition state for an 5,2 reaction. 
An inversion of configuration > 
H H t H 
за Qe Ee ox m d. | e 7А / .. 
HO: Ne C—CI: — HO ---C---Cl: — HO—C m + :Cl:- 
H \ 4 E ћ x 4 H 
H H H H 
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With a molecule such as chloromethane, however, there is no way to prove that attack 
by the nucleophile has involved inversion of configuration of the carbon atom because one 
form of methyl chloride is identical to its inverted form. With a molecule containing chi- 
rality centers such as cis-1-chloro-3-methylcyclopentane, however, we can observe the 
results of an inversion of configuration by the change in stereochemistry that occurs. When 
cis-1-chloro-3-methylcyclopentane reacts with hydroxide ion in an Sy2 reaction, the prod- 
uct is trans-3-methylcyclopentanol. The hydroxide ion ends up being bonded on the oppo- 
site side of the ring from the chlorine it replaces: 


An inversion of configuration > 


HC Са | H.C H | 
+ :0ОН-— —— +:Cl:- 
z 5,2 " 
cis-1-Chloro-3- trans-3-Methylcyclopentanol 


methylcyclopentane 
Presumably, the transition state for this reaction is like that shown here. 


ô- 


"T 
ii Leaving group departs 
H.C | from the top side. 
——H 
H | Nucleophile attacks 
:ÓH?- from the bottom side. 


Give the structure of the product that would be formed when trans-1-bromo-3-methylcyclobutane undergoes an 


Sn2 reaction with Nal. 


STRATEGY AND ANSWER First, write the formulas for the reactants and identify the nucleophile, the substrate, 
and the leaving group. Then, recognizing that the nucleophile will attack the back side of the substrate carbon 
atom that bears the leaving group, causing an inversion of configuration at that carbon, write the structure of 


the product. 


Leaving Nucleo- 
group phile 


trans-1-Bromo-3- cis-1-lodo-3- 
methylcyclobutane methylcyclobutane 
(substrate) (product) 


Review Problem 6.5 


Using chair conformational structures (Section 4.11), show the nucleophilic substitution 
reaction that would take place when trans-1-bromo-4-tert-butylcyclohexane reacts with 
iodide ion. (Show the most stable conformation of the reactant and the product.) 
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9 532 reactions always occur with inversion of configuration. 


We can also observe inversion of configuration when an Sy2 reaction occurs at а chi- 
rality center in an acyclic molecule. The reaction of (R)-(—)-2-bromooctane with sodium 
hydroxide provides an example. We can determine whether or not inversion of configura- 
tion occurs in this reaction because the configurations and optical rotations for both enan- 
tiomers of 2-bromooctane and the expected product, 2-octanol, are known. 


"sd " " 
(R)-(—)-2-Bromooctane (S)-(+)-2-Bromooctane 
[a] = – 34.25 [0]25 = + 34.25 
Vo d Me á j 
(R)-(—)-2-Octanol (S)-(+)-2-Octanol 
[012 = — 9.90 [o]25 = +9.90 


When the reaction is carried out, we find that enantiomerically pure (R)-(—)-2-bromooctane 
([]25 = —34.25) has been converted to enantiomerically pure (S)-(+)-2-octanol 
([o]g = +9.90). 


A MECHANISM FOR THE REACTION 


The Stereochemistry of an 542 Reaction 


The reaction of (R)-(—)-2-bromooctane with hydroxide is an 542 reaction and takes place with complete inversion of 
configuration: 


Transition 
CH, He t CH, state 
] ô- ô- # 
НО: d HO--C--Br:|| —> НО —С., +:Вг 
4 . < ES WH AGt 
C; His C4 H5 C; His 


An inversion of configuration 


Reaction coordinate 


(R)-(—)-2-Bromooctane (S)-(+)-2-Octanol An 542 reaction has опе 
[225 = — 34.25° [o] = +9.90° transition state. 
Enantiomeric purity = 100% Enantiomeric purity = 100% 
52 reactions that involve breaking a bond to a chirality center can be used to relate con- Review Problem 6.6 


figurations of molecules because the stereochemistry of the reaction is known. 


(a) Illustrate how this is true by assigning configurations to the 2-chlorobutane 
enantiomers based on the following data. [The configuration of (—)-2-butanol is given in 
Section 5.8C.] 


(-2-Chlorobutane — -8> _ (-)2-Butanol 
№ 


[915 = +36.00 [915 = —13.52 
Enantiomerically pure Enantiomerically pure 
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(b) When optically pure (+)-2-chlorobutane is allowed to react with potassium iodide in 
acetone in an Sy? reaction, the 2-iodobutane that is produced has a minus rotation. What 
is the configuration of (—)-2-iodobutane? Of (+)-2-iodobutane? 


6.9 The Reaction of tert-Butyl Chloride with Hydroxide lon: 


An 5№1 Reaction 


Let us now consider another mechanism for nucleophilic substitution: the Sy1 reaction. When 
tert-butyl chloride reacts with sodium hydroxide in a mixture of water and acetone, the kinetic 
results are quite different than for the reaction of chloromethane with hydroxide. The rate of 
formation of tert-butyl alcohol is dependent on the concentration of tert-butyl chloride, but it 
is independent of the concentration of hydroxide ion. Doubling the tert-butyl chloride concen- 
tration doubles the rate of the substitution reaction, but changing the hydroxide ion concentra- 
tion (within limits) has no appreciable effect. tert-Butyl chloride reacts by substitution at virtually 
the same rate in pure water (where the hydroxide ion is 1077 M) as it does in 0.05M aqueous 
sodium hydroxide (where the hydroxide ion concentration is 500,000 times larger). (We shall 
see in Section 6.10 that the important nucleophile in this reaction is a molecule of water.) 

Thus, the rate equation for this substitution reaction is first order with respect to tert- 
butyl chloride and first order overall: 


Сн [rs 
H;O A 
E ams + ОН" aine PH eh + Cl 


CH; CH; 


Rate > (СНз) ССІ] 
Rate = k[(CH;)¿CCI] 


We can conclude, therefore, that hydroxide ions do not participate in the transition state 
of the step that controls the rate of the reaction and that only molecules of tert-butyl chlo- 
ride are involved. This reaction is said to be unimolecular (first order) in the rate-determining 
step. We call this type of reaction an Syl reaction (substitution, nucleophilic, unimolec- 
ular). (In Section 6.15 we shall see that elimination reactions can compete with Sy1 reac- 
tions, leading to the formation of alkenes, but in the case of tert-butyl chloride in the absence 
of base and at room temperature, Syl is the dominant process.) 

How can we explain an 541 reaction in terms of a mechanism? То do so, we shall need 
to consider the possibility that the mechanism involves more than one step. But what kind of 
kinetic results should we expect from a multistep reaction? Let us consider this point further. 


6.9A Multistep Reactions and the Rate-Determining Step 


© Ifa reaction takes place in a series of steps, and if one step is intrinsically slower 
than all the others, then the rate of the overall reaction will be essentially the 
same as the rate of this slow step. This slow step, consequently, is called the rate- 
limiting step or the rate-determining step. 


Consider a multistep reaction such as the following: 


ko. , бо. Я k 
Reactant —- intermediate 1 —> intermediate 2 => product 
(slow) (fast) (fast) 


Step 1 Step 2 Step 3 
When we say that the first step in this example is intrinsically slow, we mean that the rate 
constant for step 1 is very much smaller than the rate constant for step 2 or for step 3. That 
is, kj << ky ог Аз. When we say that steps 2 and 3 are fast, we mean that because their rate 
constants are larger, they could (in theory) take place rapidly if the concentrations of the 
two intermediates ever became high. In actuality, the concentrations of the intermediates 
are always very small because of the slowness of step 1. 


6.10 A Mechanism for the 541 Reaction 


Reactant 
Sand Slow 
(rate 
determining) 


Narrow 
opening 


(rate | 
determining) i Intermediate 1 


Fast 


Large 


openings Intermediate 2 


As an analogy, imagine an hourglass modified in the way shown in Fig. 6.5. The open- 
ing between the top chamber and the one just below is considerably smaller than the other 
two. The overall rate at which sand falls from the top to the bottom of the hourglass is lim- 
ited by the rate at which sand passes through the small orifice. This step, in the passage of 
sand, is analogous to the rate-determining step of the multistep reaction. 


The mechanism for the reaction of tert-butyl chloride with water (Section 6.9) can be 
described in three steps. See the box “Mechanism for the Syl Reaction" below, with a 
schematic free-energy diagram highlighted for each step. Two distinct intermediates are 
formed. The first step is the slow step—it is the rate-determining step. In it a molecule of 
tert-butyl chloride ionizes and becomes a tert-butyl cation and a chloride ion. In the tran- 
sition state for this step the carbon-chlorine bond of tert-butyl chloride is largely broken 
and ions are beginning to develop: 


i 
er 
CH, 


The solvent (water) stabilizes these developing ions by solvation. Carbocation forma- 
tion, in general, takes place slowly because it is usually a highly endothermic process and 
is uphill in terms of free energy. 

The first step requires heterolytic cleavage of the carbon-chlorine bond. Because 
no other bonds are formed in this step, it should be highly endothermic and it should have 
a high free energy of activation, as we see in the free-energy diagram. That departure of 
the halide takes place at all is largely because of the ionizing ability of the solvent, 
water. Experiments indicate that in the gas phase (i.e., in the absence of a solvent), the free 
energy of activation is about 630 kJ тој“ !! In aqueous solution, however, the free energy 
of activation is much lower—about 84 kJ mol~!. Water molecules surround and stabi- 
lize the cation and anion that are produced (cf. Section 2.13D). 

In the second step the intermediate tert-butyl cation reacts rapidly with water to pro- 
duce a tert-butyloxonium ion, (CH3)3COH»2", which in the third step, rapidly transfers a 
proton to a molecule of water producing tert-butyl alcohol. 
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Fast 
Figure 6.5 А modified hourglass that serves as an 
Product analogy for a multistep reaction. The overall rate is 
Sand limited by the rate of the slow step. 


6.10 A Mechanism for the Sy1 Reaction 


REACTION 

CH, 
CH 6—6 

m 

MECHANISM 

Step 1 CH, 

ono = 
CH, 


Aided by the polar solvent, 
a chlorine departs with the 
electron pair that bonded it 
to the carbon. 
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A MECHANISM FOR THE REACTION 


Mechanism for the 541 Reaction 


CH, 


one 
: + 2H,O — аа + но? + 


CH, 


CH, 


This slow step produces 
the 3° carbocation interme- 
diate and a chloride ion. 

Although not shown here, 
the ions are solvated (and 
stabilized) by water mol- 


Fr 


ecules. 
Step 2 
Pits Is 
E fast cs 
оњ + OH = CH—C—Ö=H 
CH, H CH, H 
A water molecule acting as The product is a tert- 
a Lewis base donates an butyloxonium ion (or 
electron pair to the carbo- protonated tert-butyl 
cation (a Lewis acid). This alcohol). 
gives the cationic carbon 
eight electrons. 
Step 3 
p |“ Ts 
se co fast 25 .. 
оњ—-0—05й + YO—H === CH—¢—6: + HÖH 
CH, H H CH, H H 


A water molecule acting 
as a Bronsted base 
accepts a proton from 
the tert-butyloxonium 
ion. 
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The products are tert-butyl 
alcohol and a hydronium 
ion. 


:Cl г 
Siep í Лаа) is much 
Transition larger than 
state1 AG'o огло), 
hence this is 
the slowest ste 
AGH) P 


Reaction coordinate 


Step 2 


Transition 
state 2 


Аа 


Reaction coordinate 


Step 3 


Transition 
state 3 


АС) 


Reaction coordinate 


Beginning in the 1920s much evidence began to accumulate implicating simple alkyl cations 
as intermediates in a variety of ionic reactions. However, because alkyl cations are highly 
unstable and highly reactive, they were, in all instances studied before 1962, very short-lived, 


6.11 Carbocations 


transient species that could not be observed directly.* However, in 1962 George A. Olah 
(University of Southern California) and co-workers published the first of a series of papers 
describing experiments in which alkyl cations were prepared in an environment in which they 
were reasonably stable and in which they could be observed by a number of spectroscopic 
techniques. 


6.11A The Structure of Carbocations 
€ Carbocations are trigonal planar. 


Just as the trigonal planar structure of BF3 (Section 1.16D) can be accounted for on the basis 
of sp? hybridization, so, too (Fig. 6.6), can the trigonal planar structure of carbocations. 


m~ Vacant p orbitals 1 


(а) (5) 


@ The central carbon atom in a carbocation is electron deficient; it has only six elec- 
trons in its valence shell. 


In our model (Fig. 6.6) these six electrons are used to form three sigma covalent bonds to 
hydrogen atoms or alkyl groups. 


@ The p orbital of a carbocation contains no electrons, but it can accept an electron 
pair when the carbocation undergoes further reaction. 


Not all types of carbocations have the same relative stability as we shall learn in the next 
section. 


6.11B The Relative Stabilities of Carbocations 


The relative stabilities of carbocations are related to the number of alkyl groups attached 
to the positively charged trivalent carbon. 


6 Tertiary carbocations are the most stable, and the methyl carbocation is the least 
stable. 


@ The overall order of stability is as follows: 


i | | | 
ве > R^ ^ 7 R^ SH j нен 
3° > 2° > 19 > Methyl 
(most stable) (least stable) 


This order of carbocation stability can be explained on the basis of hyperconjugation. 


6 Hyperconjugation involves electron delocalization (via partial orbital overlap) 
from a filled bonding orbital to an adjacent unfilled orbital (Section 4.8). 


*As we shall learn later, carbocations bearing aromatic groups can be much more stable; one of these had been 
studied as early as 1901. 
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Olah was awarded the 
1994 Nobel Prize in 
Chemistry. 


Figure 6.6 (a) A stylized orbital 
structure of the methyl cation. 
The bonds are sigma (с) bonds 
formed by overlap of the carbon 
atom's three sp? orbitals with 
the 1s orbitals of the hydrogen 
atoms. The p orbital is vacant. 
(b) A dashed line-wedge 
representation of the tert-butyl 
cation. The bonds between 
carbon atoms are formed by 
overlap of sp? orbitals of the 
methyl groups with sp? orbitals 
of the central carbon atom. 


Heipful Hint 


An understanding of carbocation 
structure and relative stability is 
important for learning a variety of 
reaction processes. 
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Figure 6.7 How a methyl group helps stabilize the 
positive charge of a carbocation. Electron density from 
one of the carbon-hydrogen sigma bonds of the methyl 
group flows into the vacant p orbital of the carbocation 
because the orbitals can partly overlap. Shifting electron 
density in this way makes the sp?-hybridized carbon of 
the carbocation somewhat less positive, and the 
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Orbitals overlap here 


Vacant p orbital 


"I 


hydrogens of the methyl group assume some of the " NK 


positive charge. Delocalization (dispersal) of the charge in 
this way leads to greater stability. This interaction of a 
bond orbital with a p orbital is called hyperconjugation. 


In the case of a carbocation, the unfilled orbital is the vacant p orbital of the carbocation, 
and the filled orbitals are C—H or C—C sigma bonds at the carbons adjacent to the p 
orbital of the carbocation. Sharing of electron density from adjacent C —H ог C—C sigma 
bonds with the carbocation p orbital delocalizes the positive charge. 


@ Any time a charge can be dispersed or delocalized by hyperconjugation, inductive 
effects, or resonance, a system will be stabilized. 


Figure 6.7 shows a stylized representation of hyperconjugation between a sigma bonding 
orbital and an adjacent carbocation p orbital. 

Tertiary carbocations have three carbons with C—H bonds (or, depending on the spe- 
cific example, C—C bonds instead of C—H) adjacent to the carbocation that can overlap 
partially with the vacant p orbital. Secondary carbocations have only two adjacent carbons 
with C—H or C—C bonds to overlap with the carbocation; hence, the possibility for hyper- 
conjugation is less and the secondary carbocation is less stable. Primary carbocations have 
only one adjacent carbon from which to derive hyperconjugative stabilization, and so they 
are even less stable. A methyl carbocation has no possibility for hyperconjugation, and it 
is the least stable of all in this series. The following are specific examples: 


ô+ ô+ 
CH, is CH, is H is H 
US more LR more ire more o: 
ОК stable ae stable ~ stable 7 ~ 
"CH, CH, tha "CH, than “CH, й than " " 
tert-Butyl cation Isopropyl cation Ethyl cation Methyl cation 
(3°) (most stable) (2°) (1°) (least stable) 
In summary: 


9 The relative stability of carbocations is 3° > 2° > 1° > methyl. 


This trend is also readily seen in electrostatic potential maps for these carbocations (Fig. 6.8). 


(a) tert-Butyl (3°) (b) Isopropyl (2°) (c) Ethyl (1°) (d) Methyl 


Figure 6.8 Maps of electrostatic potential for (a) tert-butyl (3°), (b) isopropyl (2°), (c) ethyl (1°), 
and (d) methyl carbocations show the trend from greater to lesser delocalization (stabilization) of 
the positive charge in these structures. Less blue color indicates greater delocalization of the 
positive charge. (The structures are mapped on the same scale of electrostatic potential to allow 
direct comparison.) 
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6.12 The Stereochemistry of 541 Reactions 


Solved Problem 6.4 


Rank the following carbocations in order of increasing stability: 


STRATEGY AND ANSWER Structure A is a primary carbocation, B is tertiary, and C is secondary. Therefore, in 
order of increasing stability, A « C « B. 


Rank the following carbocations in order of increasing stability: Review Problem 6.7 


* + 


(a) of (b) CY (c) CY 


6.12 The Stereochemistry of Sy1 Reactions 


Because the carbocation formed in the first step of an Sy1 reaction has a trigonal planar 
structure (Section 6.11A), when it reacts with a nucleophile, it may do so from either the 
front side or the back side (see below). With the tert-butyl cation this makes no difference; 
since the tert-butyl group is not a chirality center, the same product is formed by either mode 
of attack. (Convince yourself of this result by examining models.) 


сњ сњ сњ 
x C " — = H „6: а а а т :OH, T, is Р Са 
H,O У СН; attac Á attac HC" OH, 
CH, H,C CH, CH, 


C Same product D 


With some cations, however, stereoisomeric products arise from the two reaction possi- 
bilities. We shall study this point next. 


6.12A Reactions That Involve Racemization 


A reaction that transforms an optically active compound into a racemic form is said to pro- 
ceed with racemization. If the original compound loses all of its optical activity in the 
course of the reaction, chemists describe the reaction as having taken place with complete 
racemization. If the original compound loses only part of its optical activity, as would be 
the case if an enantiomer were only partially converted to a racemic form, then chemists 
describe this as proceeding with partial racemization. 


€ Racemization takes place whenever the reaction causes chiral molecules to be con- 
verted to an achiral intermediate. 


Examples of this type of reaction are Sy1 reactions in which the leaving group departs 
from a chirality center. These reactions almost always result in extensive and sometimes 
complete racemization. For example, heating optically active (S)-3-bromo-3-methylhexane 
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with aqueous acetone results in the formation of 3-methyl-3-hexanol as a mixture of 5096 
(R) and 50% (S). 


dE CH,CH,CH, CH,CH,CH, 
Oe ER. .C—0H + нос, + HBr 
HIC" Á acetone HOS Á Y “CH; 
CH,CH, CH,CH, CH,CH, 
50% 50% 
(S)-3-Bromo-3- (S)-3-Methyl- (R)-3-Methyl- 
methylhexane 3-hexanol 3-hexanol 
(optically active) (optically inactive, a racemic form) 


The reason: The Sy1 reaction proceeds through the formation of an intermediate car- 
bocation and the carbocation, because of its trigonal planar configuration, is achiral. It reacts 
with water at equal rates from either side to form the enantiomers of 3-methyl-3-hexanol 
in equal amounts. 


A MECHANISM FOR THE REACTION 


The Stereochemistry of ап 541 Reaction 


REACTION 
CH2CH2CH3 CH2CH2CH3 CH2CH2CH3 
HoU7N . + H20 euge = HON. DN AN пи 
H3CH;C Br: (cosolvent) H3CHsC OH HO CH2CHs 
MECHANISM 
Step I CH2CH2CH3 
НаСљ, + EE 
Ју = = CH2CH2CH; + Br: 
НАС“ = РА ANAT) =i 
3C Br: H3CH2C 
H3CH2C = 
Departure of the leaving group (assisted by hydrogen 
bonding with solvent) leads to the carbocation. 
Step 2 А 2и 
о: 
7 ororen 
Т H3CHoC 
Нз, ^ NC oi A racemic mixture of 
2 2C H5CHs ;O: c rotonated alcohols results. 
нон A х E 
H aco 
H3CH2C œ. -CH2CH2CHs3 
Attack at either face: “ү 
The carbocation is an achiral intermediate. [ој 
Because both faces of the carbocation аге the H^" ^H 


same, the nucleophile can bond with either 


face to form a mixture of stereoisomers. . . 
(mechanism continues on the next page) 
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Step 3 H H.. 
ips O' — 50» 
Meme :0: | 
5 Ue. 
CH2CH2CH3 
m HaCH;C 
f un К CH2CH2CH3 A 
uds = T н—0: 
Наб, Нас | 
HaCHoCa, + „СЊСЊСН 3 
x А eee HyCHsCa% -CH2CH2CHs 
pod 2 UY 50% 
ii :0: О: 
H oe. H^ 


Additional solvent molecules (water) The product is a racemic mixture. 
deprotonate the alkyloxonium ion. 


The 541 reaction of (S)-3-bromo-3-methylhexane proceeds with racemization because the intermediate carbocation is achiral 
and attack by the nucleophile can occur from either side. 


Keeping in mind that carbocations have a trigonal planar structure, (a) write a structure for Review Problem 6.8 
the carbocation intermediate and (b) write structures for the alcohol (or alcohols) that you 
would expect from the following reaction: 


6.12B Solvolysis 


The Syl reaction of an alkyl halide with water is an example of solvolysis. A solvolysis 
reaction is a nucleophilic substitution in which the nucleophile is a molecule of the solvent 
(solvent + lysis: cleavage by the solvent). Since the solvent in this instance is water, we 
could also call the reaction a hydrolysis. If the reaction had taken place in methanol, we 
would call it a methanolysis. 
Examples of Solvolysis 
(СНз) С—Вг + ЊО — (CH3&C—OH + HBr 


(CH3)C—CI + CHOH —> (CH34C—OCH, + HCI 


Solved Problem 6.5 


What product(s) would you expect from the following solvolysis? 


Br 


Cae = 
———5 
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STRATEGY AND ANSWER We observe that this cyclohexyl bromide is tertiary, and therefore in methanol it should 
lose a bromide ion to form a tertiary carbocation. Because the carbocation is trigonal planar at the positive carbon, 
it can react with a solvent molecule (methanol) to form two products. 


Br H 
e o 
x 29 u 
EJ UNDA / 
+ O + Br 
SS 


Нас 
OCH3 
f HOCH + 
Keri e m + САОН 
En Ü meer A 
fom І Л E Dir tea die / ns / -OCHs + CH30HP 
Review Problem 6.9 What product(s) would you expect from the methanolysis of the iodocyclohexane deriva- 


tive given as the reactant in Review Problem 6.8? 


6.13 Factors Affecting the Rates of Sy1 and 5/2 Reactions 


Now that we have an understanding of the mechanisms of Sy2 and 51 reactions, our next 
task is to explain why chloromethane reacts by ап 542 mechanism and tert-butyl chloride 
by an Syl mechanism. We would also like to be able to predict which pathway—Sw1 or 
Sx2—would be followed by the reaction of any alkyl halide with any nucleophile under 
varying conditions. 

The answer to this kind of question is to be found in the relative rates of the reactions 
that occur. If a given alkyl halide and nucleophile react rapidly by ап 542 mechanism but 
slowly by an Syl mechanism under a given set of conditions, then ап Sy2 pathway will be 
followed by most of the molecules. On the other hand, another alkyl halide and another 
nucleophile may react very slowly (or not at all) by an 542 pathway. If they react rapidly 
by an Syl mechanism, then the reactants will follow an Syl pathway. 


€ A number of factors affect the relative rates of 51 and Sy2 reactions. The most 
important factors are 


1. the structure of the substrate, 

2. the concentration and reactivity of the nucleophile (for bimolecular reactions only), 
3. the effect of the solvent, and 
4 


. the nature of the leaving group. 


6.13A The Effect of the Structure of the Substrate 


5м2 Reactions Simple alkyl halides show the following general order of reactivity in 
5м2 reactions: 


Methyl > primary > secondary >> (tertiary—unreactive) 
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6.13 Factors Affecting the Rates of 541 and Sy2 Reactions 


Methyl halides react most rapidly and tertiary halides react so slowly as to be unreactive 
by the Sy2 mechanism. Table 6.4 gives the relative rates of typical 52 reactions. 


| TABLE 6.4 | 27) Relative Rates of Reactions of Alkyl Halides in 5,2 Reactions 


Substituent Compound Approximate Relative Rate 
Methyl CH3X 30 

i CH3CH>X 1 

2° (СНа)2 СНХ 0.03 
Neopentyl (СНз)зССНХ 0.00001 

3° (СНз)зСХ ~0 


Neopentyl halides, even though they are primary halides, are very unreactive: 
ju 


CH; fF cm X 
СНз $y 
H H 


A neopentyl halide 


The important factor behind this order of reactivity is a steric effect, and in this case, 
steric hindrance. 


e A steric effect is an effect on the relative rates caused by the space-filling proper- 
ties of those parts of a molecule attached at or near the reacting site. 


@ Steric hindrance is when the spatial arrangement of atoms or groups at or near a 
reacting site of a molecule hinders or retards a reaction. 


For particles (molecules and ions) to react, their reactive centers must be able to come 
within bonding distance of each other. Although most molecules are reasonably flexible, 
very large and bulky groups can often hinder the formation of the required transition state. 
In some cases they can prevent its formation altogether. 
An 532 reaction requires an approach by the nucleophile to a distance within the bond- 
ing range of the carbon atom bearing the leaving group. Because of this, bulky substituents 
on or near that carbon atom have a dramatic inhibiting effect (Fig. 6.9). They cause the 
free energy of the required transition state to be increased and, consequently, they increase . 
Heipful Hint 


the free energy of activation for the reaction. Of the simple alkyl halides, methyl halides == 
react most rapidly in Sy2 reactions because only three small hydrogen atoms interfere with You can best appreciate the steric 
the approaching nucleophile. Neopentyl and tertiary halides are the least reactive because LIUM by 
bulky groups present a strong hindrance to the approaching nucleophile. (Tertiary substrates, " у 

for all practical purposes, do not react by ап Sy2 mechanism.) 


Nu: 


Neopentyl 3? 


о wt 
US С. 6 [y 
29 


Methyl 1? 


Figure 6.9 Steric 
(30) (1) (0.03) (0.00001) (~ 0) effects and relative rates 


Relative rate in the 512 reaction. 


256 


Solved Problem 6.6 


Chapter 6 Іопіс Reactions 


Rank the following alkyl bromides in order of decreasing reactivity (from fastest to slowest) as a substrate in an 


qd pu did "m 


Sn2 reaction. 


A 


Br 


B С р 


STRATEGY AND ANSWER We examine the carbon bearing the leaving group in each instance to assess the steric 
hindrance to an Sy2 reaction at that carbon. In С it is 3°; therefore, three groups would hinder the approach of a 
nucleophile, so this alkyl bromide would react most slowly. In D the carbon bearing the leaving group is 2? (two 
groups hinder the approach of the nucleophile), while in both A and B it is 1? (one group hinders the nucleophile's 
approach). Therefore, D would react faster than C, but slower than either A or B. But, what about A and B? They 
are both 1? alkyl bromides, but B has a methyl group on the carbon adjacent to the one bearing the bromine, which 
would provide hindrance to the approaching nucleophile that would not be present in A. The order of reactivity, 
therefore, is А > B > D >> С. 


Helpful Hint 


The primary factor that determines 
the reactivity of organic substrates 
in an 541 reaction is the relative 
stability of the carbocation that 
is formed. 


Review Problem 6.10 


541 Reactions 


ө Except for those reactions that take place in strong acids, which we shall study 
later, the only organic compounds that undergo reaction by an Sy1 path 
at a reasonable rate are those that are capable of forming relatively stable 
carbocations. 


Of the simple alkyl halides that we have studied so far, this means (for all practical pur- 
poses) that only tertiary halides react by an 541 mechanism. (Later we shall see that certain 
organic halides, called allylic halides and benzylic halides, can also react by an Sy1 mecha- 
nism because they can form relatively stable carbocations; see Sections 13.4 and 15.15.) 

Tertiary carbocations are stabilized because sigma bonds at three adjacent carbons contribute 
electron density to the carbocation p orbital by hyperconjugation (Section 6.11B). Secondary 
and primary carbocations have less stabilization by hyperconjugation. A methyl carbocation 
has no stabilization. Formation of a relatively stable carbocation is important in an Sy1 reac- 
tion because it means that the free energy of activation for the slow step of the reaction (e.g., 
R—L —> РА“ + L ) will be low enough for the reaction to take place at a reasonable rate. 


Which of the following alkyl halides is most likely to undergo substitution by an Syl 
mechanism? 


Br 


Br 
(a) (b) (c) 


The Hammond-Leffler Postulate If you review the free-energy diagrams that accom- 
pany the mechanism for the Sy1 reaction of tert-butyl chloride and water (Section 6.10), you 
will see that step 1, the ionization of the leaving group to form the carbocation, is uphill in 
terms of free energy (AG? for this step is positive). It is also uphill in terms of enthalpy (AH? 
is also positive), and, therefore, this step is endothermic. According to the Hammond-—Leffler 
postulate, the transition-state structure for a step that is uphill in energy should show 


6.13 Factors Affecting the Rates of Sy1 and 542 Reactions 


a strong resemblance to the structure of the product of that step. Since the product of 
this step (actually an intermediate in the overall reaction) is a carbocation, any factor that sta- 
bilizes the carbocation—such as dispersal of the positive charge by electron-releasing 
groups—should also stabilize the transition state in which the positive charge is developing. 


lonization of the Leaving Group 


CH, 09, t CH, 
— C)... cp on = 
CH,—C— C| но” CH; | CI "Wo CH4— C + CI 

CH, CH, CH, 
Reactant Transition state Product of step 

Resembles product of step Stabilized by three 

because AG° is positive electron-releasing 

groups 


A methyl, primary, or secondary alkyl halide would have to ionize to form a methyl, 
primary, or secondary carbocation to react by an Syl mechanism. These carbocations, how- 
ever, are much higher in energy than a tertiary carbocation, and the transition states lead- 
ing to these carbocations are even higher in energy. The activation energy for an Sy1 reaction 
of a simple methyl, primary, or secondary halide, consequently, is so large (therefore the 
reaction is so slow) that, for all practical purposes, an Sy1 reaction with a methyl, primary, 
or secondary halide does not compete with the corresponding 52 reaction. 

The Hammond-Leffler postulate is quite general and can be better understood through 
consideration of Fig. 6.10. One way that the postulate can be stated is to say that the struc- 
ture of a transition state resembles the stable species that is nearest it in free energy. For 
example, in a highly endergonic step (blue curve) the transition state lies close to the prod- 
ucts in free energy, and we assume, therefore, that it resembles the products of that step 
in structure. Conversely, in a highly exergonic step (red curve) the transition state lies close 
to the reactants in free energy, and we assume it resembles the reactants in structure as 
well. The great value of the Hammond-Leffler postulate is that it gives us an intuitive way 
of visualizing those important, but fleeting, species that we call transition states. We shall 
make use of it in many future discussions. 


Transition Transition 
state state 


Highly ^ Reactants Products 
exergonic 


step 


endergonic 
step 


The relative rates of ethanolysis of four primary alkyl halides are as follows: CH3CH2Br, 
1.0; CHSCH2CHeBr, 0.28; (CH3);/CHCHeBr, 0.030; (CH3)SCCHeBr, 0.00000042. 


(a) Is each of these reactions likely to be $41 or 5427 


(b) Provide an explanation for the relative reactivities that are observed. 
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Figure 6.10 The transition state for a highly 
exergonic step (red curve) lies close to and 
resembles the reactants. The transition state 
for an endergonic step (blue curve) lies close 
Highly | Reactants Products to and resembles the products of a reaction. 
(Reprinted with permission of The McGraw-Hill 
Companies from Pryor, Free Radicals, p. 156, 
Reaction coordinate Copyright 1966.) 


Review Problem 6.11 
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Review Problem 6.12 
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6.13B The Effect of the Concentration and Strength 
of the Nucleophile 


Since the nucleophile does not participate in the rate-determining step of an 541 reaction, 
the rates of Sy1 reactions are unaffected by either the concentration or the identity of the 
nucleophile. The rates of 542 reactions, however, depend on both the concentration and 
the identity of the attacking nucleophile. We saw in Section 6.5 how increasing the con- 
centration of the nucleophile increases the rate of an 542 reaction. We can now examine 
how the rate of an Sy2 reaction depends on the identity of the nucleophile. 


@ The relative strength of a nucleophile (its nucleophilicity) is measured in terms of 
the relative rate of its 542 reaction with a given substrate. 


А good nucleophile is one that reacts rapidly in an 52 reaction with a given substrate. 
A poor nucleophile is one that reacts slowly in an 542 reaction with the same substrate 
under comparable reaction conditions. (As mentioned above, we cannot compare nucle- 
ophilicities with regard to Sy1 reactions because the nucleophile does not participate in the 
rate-determining step of an Sy1 reaction.) 

Methoxide anion, for example, is a good nucleophile for a substitution reaction with 
iodomethane. It reacts rapidly by an 542 mechanism to form dimethyl ether: 


CHO - + СН 22S CH,OCH, + I- 


Methanol, on the other hand, is a poor nucleophile for reaction with iodomethane. Under 
comparable conditions it reacts very slowly. It is not a sufficiently powerful Lewis base (1.е., 
nucleophile) to cause displacement of the iodide leaving group at a significant rate: 


very slow 
——— 


: 
CH,OH + СН; сндон, +i 


H 
The relative strengths of nucleophiles can be correlated with three structural features: 
1. A negatively charged nucleophile is always a more reactive nucleophile than its con- 
jugate acid. Thus HO 15 a better nucleophile than H2O and RO is better than ROH. 


2. In a group of nucleophiles in which the nucleophilic atom is the same, nucle- 
ophilicities parallel basicities. Oxygen compounds, for example, show the follow- 
ing order of reactivity: 

RO > HO >> RCO; > ROH > H20 
This is also their order of basicity. An alkoxide ion (RO ) is a slightly stronger base 
than a hydroxide ion (HO), a hydroxide ion is a much stronger base than a car- 
boxylate ion (RCO» ), and so on. 

3. When the nucleophilic atoms are different, nucleophilicities may not parallel 
basicities. For example, in protic solvents HS , СМ , and | are all weaker bases 
than НО, yet they are stronger nucleophiles than HO . 

HS > СМ > 1" >HO 


Nucleophilicity versus Basicity While nucleophilicity and basicity are related, they 
are not measured in the same way. Basicity, as expressed by pK,, is measured by the posi- 
tion of an equilibrium involving an electron pair donor (base), a proton, the conjugate acid, 
and the conjugate base. Nucleophilicity is measured by relative rates of reaction, by how 
rapidly an electron pair donor reacts at an atom (usually carbon) bearing a leaving group. 
For example, the hydroxide ion (OH ) is a stronger base than a cyanide ion (CN ); at equi- 
librium it has the greater affinity for a proton (the pK, of H2O is ~16, while the pK, of 
HCN is ~10). Nevertheless, cyanide ion is a stronger nucleophile; it reacts more rapidly 
with a carbon bearing a leaving group than does hydroxide ion. 


Rank the following in terms of decreasing nucleophilicity: 
CH3CO2- CH3OH CH3O | CH3CO.H CN. 


6.13 Factors Affecting the Rates of Sy1 and 542 Reactions 


6.13C Solvent Effects on 542 Reactions: Polar Protic and 
Aprotic Solvents 


A molecule of a solvent such as water or an alcohol—called a protic solvent (Section 
3.12)—has a hydrogen atom attached to a strongly electronegative element (oxygen). 
Molecules of protic solvents can, therefore, form hydrogen bonds to nucleophiles in the 
following way. 


ə- 
TM ә 
T : /  ( Molecules of the proti | 
i: : o olecules of the protic 
N aee 9 solvent, water, solvate Ф a Ф ә „ 
" P S a halide ion by forming 703 í 
j9—H А : P hydrogen bonds to it. a a o 
H " ə 
He H ә 


€ Hydrogen bonding encumbers a nucleophile and hinders its reactivity in a substitu- 
tion reaction. 


For a strongly solvated nucleophile to react, it must shed some of its solvent molecules so 
that it can approach the carbon of the substrate that bears the leaving group. This is one 
type of important solvent effect in nucleophilic reactions. 


€ Hydrogen bonds to a small nucleophilic atom are stronger than those to larger 
nucleophilic atoms among elements in the same group (column) of the periodic 
table. 


For example, fluoride anion is more strongly solvated than the other halides because it is 
the smallest halide anion and its charge is the most concentrated. Hence, in a protic sol- 
vent fluoride is not as effective a nucleophile as the other halide anions. Iodide is the largest 
halide anion and it is the most weakly solvated in a protic solvent; hence, it is the strongest 
nucleophile among the halide anions. 


9 In a protic solvent, the general trend in nucleophilicity among the halide anions is 
as follows: 


г> Вг »CI >F 
Halide nucleophilicity in protic solvents 


The same effect holds true when we compare sulfur nucleophiles with oxygen nucleophiles. 
Sulfur atoms are larger than oxygen atoms and hence they are not solvated as strongly in 
a protic solvent. Thus, thiols (R— SH) are stronger nucleophiles than alcohols, and RS ^ 
anions are better nucleophiles than RO ^ anions. 

The greater reactivity of nucleophiles with large nucleophilic atoms is not entirely 
related to solvation. Larger atoms have greater polarizability (their electron clouds are 
more easily distorted); therefore, a larger nucleophilic atom can donate a greater degree 
of electron density to the substrate than a smaller nucleophile whose electrons are more 
tightly held. 

The relative nucleophilicities of some common nucleophiles in protic solvents are as 
follows: 


SH > СМ >I > ОНГ > М > Вг >CH3CO, > СІ > Е > Но 
Relative nucleophilicity in protic solvents 


Rank the following in terms of decreasing nucleophilicity: 
CH3CO> | СНзО — CH3S — CH3SH CH3OH 
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Review Problem 6.13 
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Polar Aprotic Solvents 


6€ Aprotic solvents do not have a hydrogen atom bonded to an electronegative atom, 
and therefore do not hinder nucleophiles through hydrogen bonding. 


A number of polar aprotic solvents have come into wide use by chemists because they 
are especially useful in Sy2 reactions. Several examples are the following: 


кој 2 ‘O° 2 
И ets 1 н |. 
H N A CHÍ ^N (CH43),N—P—N(CH,); 
| CH, CH; : | 8 
CH, CH, :М(СН,), 
DMF DMSO DMA HMPA 


(N,N-dimethylformamide) (dimethyl sulfoxide) — (dimethylacetamide) — (hexamethylphosphoramide) 


All of these solvents (DMF, DMSO, DMA, and HMPA) dissolve ionic compounds, and 
they solvate cations very well. They do so in the same way that protic solvents solvate 
cations: by orienting their negative ends around the cation and by donating unshared elec- 
tron pairs to vacant orbitals of the cation: 


„пон, . eT __- = Db x 
H,O:, 2° ÖH, o 9 (CH),S=6:, 5 _:0=S(CH,), 
Ме: i №": 


H,O: ён, :0H, @ Ф ó (CH),S=0:" 3  *9—S(CH), 
“3 | 
ZN 
H,C CH, 
A sodium ion solvated A sodium ion solvated by 
by molecules of the molecules of the aprotic 
protic solvent water solvent DMSO 


However, because they cannot form hydrogen bonds and because their positive centers 
are well shielded by steric effects from any interaction with anions, aprotic solvents do 
not solvate anions to any appreciable extent. In these solvents anions are unencumbered 
by a layer of solvent molecules and they are therefore poorly stabilized by solvation. These 
“naked” anions are highly reactive both as bases and nucleophiles. In DMSO, for exam- 
ple, the relative order of reactivity of halide ions is opposite to that in protic solvents, and 
it follows the same trend as their relative basicity: 


F >Cl >Br >l 
Halide nucleophilicity in aprotic solvents 


Helpful Hint 


© The rates of 512 reactions generally are vastly increased when they are carried out 


Polar анна іпсгеаѕе in polar aprotic solvents. The increase in rate can be as large as a millionfold. 
мг rates. 
Review Problem 6.14 Classify the following solvents as being protic or aprotic: formic acid, НСОН; acetone, 


CH3COCH;; acetonitrile, CH3C==N; formamide, НСОМН; sulfur dioxide, SOo; ammo- 
nia, NH3; trimethylamine, N(CH3)a; ethylene glycol, HOCH2CH2OH. 


Review Problem 6.15 Would you expect the reaction of propyl bromide with sodium cyanide (NaCN), that is, 
CH3CH2CH5Br + Маск —— CH3CH2CH2CN + NaBr 


to occur faster in DMF or in ethanol? Explain your answer. 


6.13 Factors Affecting the Rates of Sy1 and Sy2 Reactions 


Which would you expect to be the stronger nucleophile in a polar aprotic solvent? 
(a) CH3CO2 or CH3O  ; (b) H20 or Њ25; (c) (CH3)3P or (CH3)3N 


6.13D Solvent Effects оп 541 Reactions: The lonizing 
Ability of the Solvent 


6€ Use of a polar protic solvent will greatly increase the rate of carbocation forma- 
tion of an alkyl halide in any Sy/ reaction because of its ability to solvate cations 
and anions so effectively. 


Solvation stabilizes the transition state leading to the intermediate carbocation and halide 
ion more than it does the reactants; thus the free energy of activation is lower. The transi- 
tion state for this endothermic step is one in which separated charges are developing, and 
thus it resembles the ions that are ultimately produced: 


qh qh = CH, 
AT eee о aye — C+ 25 
CH; 0 СІ но” CH; i Cl о” CH; Еч + CI 
CH, CH, CH, 
Reactant Transition state Carbocation 
Separated charges are intermediate 
developing. 


A rough indication of a solvent's polarity is a quantity called the dielectric constant. 
The dielectric constant is a measure of the solvent's ability to insulate opposite charges (or 
separate ions) from each other. Electrostatic attractions and repulsions between ions are 
smaller in solvents with higher dielectric constants. Table 6.5 gives the dielectric constants 
of some common solvents. 


| TABLE 6.5 | 5:3.) Dielectric Constants of Common Solvents 


Dielectric 

Solvent Formula Constant 
Water H20 80 
| Formic acid HCOsH 59 
Dimethyl sulfoxide (DMSO) CH3SOCH3 49 
Increasing N,N-Dimethylformamide (DMF) HCON(CH3)2 37 
solvent Acetonitrile CH3C=N 36 
polarity Methanol CH30H 33 
Hexamethylphosphoramide (HMPA) — [(CH3)eN]SP—O 30 
Ethanol CH3CH5OH 24 
Acetone CH3COCH3 21 
Acetic acid CH3CO5H 6 


Water is the most effective solvent for promoting ionization, but most organic compounds 
do not dissolve appreciably in water. They usually dissolve, however, in alcohols, and quite 
often mixed solvents are used. Methanol—water and ethanol—water аге common mixed sol- 
vents for nucleophilic substitution reactions. 


When tert-butyl bromide undergoes solvolysis in a mixture of methanol and water, the rate 
of solvolysis (measured by the rate at which bromide ions form in the mixture) increases 
when the percentage of water in the mixture is increased. (a) Explain this occurrence. (b) 
Provide an explanation for the observation that the rate of the Sy2 reaction of ethyl chlo- 
ride with potassium iodide in methanol and water decreases when the percentage of water 
in the mixture is increased. 
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Review Problem 6.16 


Helpful Hint 


Polar protic solvents favor 
541 reactions. 


Review Problem 6.17 
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Helpful Hint. . 


Good leaving groups are weak 
bases. 
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6.13E The Nature of the Leaving Group 


@ Leaving groups depart with the electron pair that was used to bond them to the 
substrate. 


The best leaving groups are those that become either a relatively stable anion or a neutral 
molecule when they depart. First, let us consider leaving groups that become anions when 
they separate from the substrate. Because weak bases stabilize a negative charge effectively, 
leaving groups that become weak bases are good leaving groups. 


9 In general, the best leaving groups are those that can be classified as weak bases 
after they depart. 


The reason that stabilization of the negative charge is important can be understood by 
considering the structure of the transition states. In either an Sy1 or 52 reaction the leav- 
ing group begins to acquire a negative charge as the transition state is reached: 


S,1 Reaction (Rate-Limiting Step) 
2, Z+ ә- |+ LE 
So E Ss] — v +X- 


Transition state 


5,2 Reaction 
С = = -|t У 
wu Ne X => 64 — Nu—Ce + Х- 


Transition state 


Stabilization of this developing negative charge at the leaving group stabilizes the transi- 
tion state (lowers its free energy); this lowers the free energy of activation and thereby 
increases the rate of the reaction. 


€ Among the halogens, an iodide ion is the best leaving group and a fluoride ion is 
the poorest: 


| »Br > СІ >> Е 


The order is the opposite of the basicity: 
Е >> Сг > Вг >| 


Other weak bases that аге good leaving groups, which we shall study later, are alkanesul- 
fonate ions, alkyl sulfate ions, and the p-toluenesulfonate ion: 


i i i 
'0-$-R '0-8-0-R v- )- CH, 
Ó Ó Ó 


An alkanesulfonate ion Ап alkyl sulfate ion p-Toluenesulfonate ion 


These anions are all the conjugate bases of very strong acids. 

The trifluoromethanesulfonate ion (CF3SO3 , commonly called the triflate ion) is one 
of the best leaving groups known to chemists. It is the conjugate base of CF3SO3H, an 
exceedingly strong acid (pK, — —5 to —6): 


T 
dieu ess 
O 
Triflate ion 


(a “super” leaving group) 


6.13 Factors Affecting the Rates of 541 and 542 Reactions 


@ Strongly basic ions rarely act as leaving groups. 


The hydroxide ion, for example, is a strong base and thus reactions like the following do 
not take place: 


Nu: > R—OH ж R— Nu + OH- 
This reaction does not 
take place because the 

leaving group is a strongly 
basic hydroxide ion. 


However, when an alcohol is dissolved in a strong acid, it can undergo substitution by 
a nucleophile. Because the acid protonates the — OH group of the alcohol, the leaving group 
no longer needs to be a hydroxide ion; it is now a molecule of water—a much weaker base 
than a hydroxide ion and a good leaving group: 


| 


k 
OH ^  R—Nu-* H,O 

| This reaction takes place 
H because the leaving 
group is a weak base. 


Ми“ <> В 


List the following compounds in order of decreasing reactivity toward CH30 in ап Sy2 
reaction carried out in CH3OH: CH3F, CH3Cl, CH3Br, CH3l, CH3OSO2CF3, '"СНАОН. 


@ Very powerful bases such as hydride ions (Н: ) and alkanide ions (В: ) virtually 
never act as leaving groups. 


Therefore, reactions such as the following are not feasible: 


onm 
Nu: + CHCH; Ен —<> CHCH,— Nu + ЕЕЕ 


These are 

not leaving 
= Б 
ми: + Сн, сн, <> CH,—Nu + CH= 9" "Ps 


Remember: The best leaving groups are weak bases after they depart. 


Explain why the following reaction is not feasible as a synthesis of butyl iodide. 


263 


Review Problem 6.18 


Solved Problem 6.7 


ССВ Four poo o ENS TORT 


STRATEGY AND ANSWER The strongly basic ОНГ ion (hydroxide ion) virtually never acts as a leaving group, 
something this reaction would require. This reaction would be feasible under acidic conditions, in which case the 


leaving group would be a water molecule. 


Summary of 51 versus Sy2 Reactions 


Sn1: The Following Conditions Favor an 541 Reaction: 
1. A substrate that can form a relatively stable carbocation (such as a substrate with a 
leaving group at a tertiary position) 
2. A relatively weak nucleophile 


3. A polar, protic solvent 


Helpful Hin: 


Sn1 versus 542 
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The Syl mechanism is, therefore, important in solvolysis reactions of tertiary alkyl halides, 
especially when the solvent is highly polar. In a solvolysis reaction the nucleophile is weak 
because it is a neutral molecule (of the polar protic solvent) rather than an anion. 


Sn2: The Following Conditions Favor an 542 Reaction: 


1. A substrate with a relatively unhindered leaving group (such as a methyl, primary, 
or secondary alkyl halide). The order of reactivity is 


| 
CH,—X > R—CH,—X > R—CH—X 
Methyl > 1° > 2° 
Tertiary halides do not react by ап Sy2 mechanism. 
2. A strong nucleophile (usually negatively charged) 
3. High concentration of the nucleophile 


4. A polar, aprotic solvent 


The trend in reaction rate among halogens as the leaving group is the same in Sy1 and 542 
reactions: 


R-I>R-Br>R-CI Syl orSy2 


Because alkyl fluorides react so slowly, they are seldom used in nucleophilic substitution 
reactions. 


These factors are summarized in Table 6.6. 


| TABLE 6.6 | =.= ) Factors Favoring 541 versus Sy2 Reactions 


Factor Sn1 Sn2 
Substrate 3° (requires formation of a Methyl > 1° > 2° (requires 
relatively stable carbocation) unhindered substrate) 
Nucleophile Weak Lewis base, neutral Strong Lewis base, rate increased 
molecule, nucleophile may by high concentration of 
be the solvent (solvolysis) nucleophile 
Solvent Polar protic (e.g., alcohols, water) Polar aprotic (e.g., DMF, DMSO) 
Leaving group | > Br > Cl > F for both 541 апа 542 


(the weaker the base after the group departs, 
the better the leaving group) 


6.14 Organic Synthesis: Functional Group Transformations 


Using Sy2 Reactions 


Syn? reactions are highly useful in organic synthesis because they enable us to convert one 
functional group into another—a process that is called a functional group transforma- 
tion or a functional group interconversion. With the 542 reactions shown in Fig. 6.11, 
methyl, primary, or secondary alkyl halides can be transformed into alcohols, ethers, thi- 
ols, thioethers, nitriles, esters, and so on. (Note: The use of the prefix thio- in a name means 
that a sulfur atom has replaced an oxygen atom in the compound.) 


Alkyl chlorides and bromides are also easily converted to alkyl iodides by nucleophilic 


substitution reactions. 


R—CI 
or 6 R—I(+ СТ ог Br) 
R—Br 


6.14 Organic Synthesis: Functional Group Transformations Using 512 Reactions 


он“ 


R—OH Alcohol 


+> R—OR' Ether 


===> R—SH Thiol 


— R—SR’ Thioether 


R—C=N Nitrile 


(R = Me, 1°, or 2°) 
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(X = Cl, Br, or |) R—CzC—R' Alkyne 
1 
R—OCR' Ester 
7 R—NR’, X^ Quaternary ammonium halide 
R—Ng3 Alkyl azide 


Figure 6.11 Functional group interconversions of methyl, primary, and secondary alkyl halides 
using 542 reactions. 


One other aspect of the 542 reaction that is of great importance is stereochemistry 
(Section 6.8). 542 reactions always occur with inversion of configuration at the atom that 
bears the leaving group. This means that when we use 542 reactions in syntheses we can 
be sure of the configuration of our product if we know the configuration of our reactant. 
For example, suppose we need a sample of the following nitrile with the (S) configuration: 


CH, 
/ 
N=C—C 


e 
Ун сн, 


(S)-2-Methylbutanenitrile 


If we have available (R)-2-bromobutane, we can carry out the following synthesis: 


e Pe 
N=c:+ O Bro? мес С. + Br 
H7 (inversion) YH 

CH,CH, CH,CH, 
(R)-2-Bromobutane (S)-2-Methylbutanenitrile 


Starting with (S)-2-bromobutane, outline syntheses of each of the following compounds: 


(a) (R)-CH,CHCH,CH, (c) пуан нон он, 


OCH,CH, SH 
(b) (R)-CH,CHCH,CH, (d) (F)-CH,CHCH,CH, 
OCCH, SCH, 


l 
О 


Review Problem 6.19 
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THE CHEMISTRY ОЕ... 


Biological Methylation: A Biological Nucleophilic Substitution Reaction 


The cells of living organisms synthesize many of the com- 
pounds they need from smaller molecules. Often these 
biosyntheses resemble the syntheses organic chemists 
carry out in their laboratories. Let us examine one exam- 
ple now. 

Many reactions taking place in the cells of plants and ani- 
mals involve the transfer of a methyl group from an amino 
acid called methionine to some other compound. That this 


transfer takes place can be demonstrated experimentally by 
feeding a plant or animal methionine containing an isotopi- 
cally labeled carbon atom (e.g., 136 or Mo) in its methyl 
group. Later, other compounds containing the "labeled" 
methyl group can be isolated from the organism. Some of 
the compounds that get their methyl groups from methio- 
nine are the following. The isotopically labeled carbon atom 
is shown in green. 


-O,CCHCH,CH,SCH, 


NH,* 
Methionine 


| 
di | AN CH, —N*-CH,CH_OH 
Sn CH, CH, 
Nicotine Adrenaline Choline 


Choline is important in the transmission of nerve 
impulses, adrenaline causes blood pressure to increase, and 
nicotine is the compound contained in tobacco that makes 
smoking tobacco addictive. (In large doses nicotine is poi- 
sonous.) 


Triphosphate group 


Po d В0 


The transfer of the methyl group from methionine to 
these other compounds does not take place directly. 
The actual methylating agent is not methionine; it is 
S-adenosylmethionine,* a compound that results when 
methionine reacts with adenosine triphosphate (ATP): 


Leaving 
The sulfur atom о | о | o | он group 
acts as a nucleophile. | Ó о Ó CH, o- o- o- 
"m | А | | | 
7O,CCHCH,CH,SCH, + CH, „O, Adenine —9 ~-O,CCHCH,CH,—S—CH, О. Adenine + -O | (0) | о | он 
NH,* NH,* о о о 
Methionine Triphosphate ion 
OH OH OH OH 
ATP S-AdenosylImethionine 


NH, 


N SN 
inam 
Adenine у | 2 


*The prefix S is a locant meaning "on the sulfur atom" and should not be confused with the (S) used to define 
absolute configuration. Another example of this kind of locant is V, meaning “оп the nitrogen atom.” 


6.14 Organic Synthesis: Functional Group Transformations Using 512 Reactions 


This reaction is a nucleophilic substitution reaction. The 
nucleophilic atom is the sulfur atom of methionine. The leav- 
ing group is the weakly basic triphosphate group of ATP. The 
product, S-adenosylmethionine, contains a methyl-sulfonium 


Pe = 
group, СН—5—. 
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S-Adenosylmethionine then acts as the substrate for other 
nucleophilic substitution reactions. In the biosynthesis of 
choline, for example, it transfers its methyl group to a nucle- 
ophilic nitrogen atom of 2-(N,N-dimethylamino)ethanol: 


НОМИН 


F [7 
сн, —іў—сн,сн,он + "озсонсн,онг-5/—он, О 


CH, NH,* 
2-(N, N-Dimethylamino)ethanol 


Adenine —> 


OH OH 


Га 
yh и + ерее нох O.  Adenine 
CH, NH,* 
Choline 
OH OH 


These reactions appear complicated only because the 
structures of the nucleophiles and substrates are complex. 
Yet conceptually they are simple, and they illustrate many 
of the principles we have encountered thus far in Chapter 
6. In them we see how nature makes use of the high 
nucleophilicity of sulfur atoms. We also see how a weakly 
basic group (e.g., the triphosphate group of ATP) func- 


Study Problem 


tions as a leaving group. In the reaction of 2-(N,N- 
dimethylamino) ethanol we see that the more basic 
(CH3)2N — group acts as the nucleophile rather than the 
less basic — OH group. And when a nucleophile attacks 
S-adenosylmethionine, we see that the attack takes place 
at the less hindered CH3— group rather than at one of 
the more hindered —CHs— groups. 


(a) What is the leaving group when 2-(N,N-dimethylamino)ethanol reacts with S-adenosylmethionine? 


(b) What would the leaving group have to be if methionine itself were to react with 2-(N, N-dimethylamino)ethanol? 


(c) Of what special significance is this difference? 


6.14A The Unreactivity of Vinylic and Phenyl Halides 


As we learned in Section 6.1, compounds that have a halogen atom attached to one carbon 
atom of a double bond are called vinylic halides; those that have a halogen atom attached 


to a benzene ring are called aryl or phenyl halides: 


A. а 
PN (Y 
x 


A vinylic halide 


A phenyl halide 


e Vinylic and phenyl halides are generally unreactive in Sy! or Sy2 reactions. 


They are unreactive in Sy1 reactions because vinylic and phenyl cations are relatively unsta- 
ble and do not form readily. They are unreactive іп 52 reactions because the carbon-halo- 
gen bond of a vinylic or phenyl halide is stronger than that of an alkyl halide (we shall see 
why later), and the electrons of the double bond or benzene ring repel the approach of a 


nucleophile from the back side. 
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6.15 Elimination Reactions of Alkyl Halides 


Elimination reactions of alkyl halides are important reactions that compete with substitution reac- 
tions. In an elimination reaction the fragments of some molecule (YZ) are removed (eliminated) 
from adjacent atoms of the reactant. This elimination leads to the creation of a multiple bond: 


Y 
Ew elimination Nac 
| | (-Y2Z) "4 N 
Z 


6.15A Dehydrohalogenation 


A widely used method for synthesizing alkenes is the elimination of HX from adjacent atoms 
of an alkyl halide. Heating the alkyl halide with a strong base causes the reaction to take 
place. The following are two examples: 

C;H,ONa 


CH,CHCH, 20—55 CH;—CH—CH, + NaBr + C,H,OH 
B ы (79%) 
CH, CH, 
C,H,ONa 
CH,—C—Br 23 С + NaBr + C,H,OH 
3 l, COH, SC GH ен, T 
3 


(91%) 


Reactions like these are not limited to the elimination of hydrogen bromide. 
Chloroalkanes also undergo the elimination of hydrogen chloride, iodoalkanes undergo the 
elimination of hydrogen iodide, and, in all cases, alkenes are produced. When the elements 
of a hydrogen halide are eliminated from a haloalkane in this way, the reaction is often called 
dehydrohalogenation: 


H 


|, | ES # - 
—QÉ-C-— + :B- — ‘C=C + нв + :Х:- 
| / N ~ 
:X: 


A base 


| Dehydrohalogenation | 


In these eliminations, as in Sy1 and 542 reactions, there is a leaving group and an attack- 
ing Lewis base that possesses an electron pair. 

Chemists often call the carbon atom that bears the leaving group (e.g., the halogen atom 
in the previous reaction) the alpha (а) carbon atom and any carbon atom adjacent to it a 
beta (8) carbon atom. A hydrogen atom attached to the 6 carbon atom is called a В hydro- 
gen atom. Since the hydrogen atom that is eliminated in dehydrohalogenation is from the 
В carbon atom, these reactions are often called B eliminations. They are also often referred 
to as 1,2 eliminations. 


The B hydrogen 
ad and В carbon 
H 


| p 


EG 
The a carbon 
and leaving group 
We shall have more to say about dehydrohalogenation in Chapter 7, but we can exam- 
ine several important aspects here. 


6.16 The E2 Reaction 


6.15B Bases Used in Dehydrohalogenation 


Various strong bases have been used for dehydrohalogenations. Potassium hydroxide 
dissolved in ethanol (KOH/EtOH) is a reagent sometimes used, but the conjugate bases of 
alcohols, such as sodium ethoxide (EtONa), often offer distinct advantages. 

The conjugate base of an alcohol (an alkoxide) can be prepared by treating an alcohol 
with an alkali metal. For example: 


2R—ÓH + 2Na —> 2R—Ö:- Nat + Н, 
Alcohol Sodium 
alkoxide 


This reaction is an oxidation-reduction reaction. Metallic sodium reacts with hydrogen 
atoms that are bonded to oxygen atoms to generate hydrogen gas, sodium cations, and the 
alkoxide anion. The reaction with water is vigorous and at times explosive. 


2HÓH + 2Na —— 2HÓ:-Na* + H, 
Sodium 
hydroxide 


Sodium alkoxides can also be prepared by allowing an alcohol to react with sodium hydride 
(NaH). The hydride ion (Н: ) is a very strong base. (The pK, of Н» is 35.) 


R—O-H + Na':H- —> R—O:- Nat + H—H 


Sodium (and potassium) alkoxides are usually prepared by using an excess of the alcohol, 


and the excess alcohol becomes the solvent for the reaction. Sodium ethoxide is frequently 
prepared in this way using excess ethanol. 


2CH,CH,OH + 2Na —> 2CH,CH,Ó:-Na* + H, 


Ethanol Sodium ethoxide 
(excess) dissolved in 
excess ethanol 


Potassium tert-butoxide (t-BuOK) is another highly effective dehydrohalogenating reagent. 
It can be made by the reaction below, or purchased as a solid. 


[ie D 
NEC + 2K — аси + H, 
CH, CH, 
tert-Butanol Potassium tert-butoxide 
(excess) 


6.15C Mechanisms of Dehydrohalogenations 


Elimination reactions occur by a variety of mechanisms. With alkyl halides, two mecha- 
nisms are especially important because they are closely related to the Sy2 and 51 reac- 
tions that we have just studied. One mechanism, called the E2 reaction, is bimolecular in 
the rate-determining step; the other mechanism is the E1 reaction, which is unimolecular 
in the rate-determining step. 
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Helpful Hint 


EtONa/EtOH is a common 
abbreviation for sodium ethoxide 
dissolved in ethanol. 


Helpful Hint 


t-BuOK/t-BuOH represents 
potassium tert-butoxide dissolved 
in tert-butanol. 


6.16 The E2 Reaction 


When isopropyl bromide is heated with sodium ethoxide in ethanol to form propene, the 
reaction rate depends on the concentration of isopropyl bromide and the concentration of 
ethoxide ion. The rate equation is first order in each reactant and second order overall: 


Rate = K[CH3CHBrCH3][C2H5O ] 
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ө From the reaction order we infer that the transition state for the rate-determining 
step must involve both the alkyl halide and the alkoxide ion: The reaction must be 
bimolecular. 


Considerable experimental evidence indicates that the reaction takes place in the follow- 
ing way: 


A MECHANISM FOR THE REACTION 


Mechanism for the E2 Reaction 


REACTION 
C2H507 + CH3CHBrCH3 ——> CHs—CHCH3 + СНОН + Br 
MECHANISM 
Os 
SE СН; — O, + 
CH,—Ó0 у CH d CH 
s z i Н. > АН EN PEE 
ос“ — ^о. —  x-« 
ua GBr: ud ‘Br H H 
Transition state dp 


The basic ethoxide ion begins 
to remove a proton from the 8 
carbon using its electron pair 
to form a bond to it. At the 
same time, the electron pair of 
the 8 C—H bond begins to 
move in to become the 7 bond 
of a double bond, and the 
bromine begins to depart with 
the electrons that bonded it to 
the a carbon. 


Partial bonds in the transition 
state extend from the oxygen 
atom that is removing the В 
hydrogen, through the carbon 
skeleton of the developing 
double bond, to the departing 
leaving group. The flow of 
electron density is from the 
base toward the leaving group 
as an electron pair fills the т 
bonding orbital of the alkene. 


Transition 
state 


Reaction coordinate 


An E2 reaction has one 
transition state 


C,H,— ÖH * ‘Bre 


At completion of the 
reaction, the double bond 
is fully formed and the 
alkene has a trigonal 
planar geometry at each 
carbon atom. The other 
products are a molecule of 
ethanol and a bromide ion. 


When we study the E2 reaction further in Section 7.6D, we shall find that the orientations 
of the hydrogen atom being removed and the leaving group are not arbitrary and that an 
orientation where they are all in the same plane, like that shown above and in the example 
that follows, is required. 
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o | 
_ 


H 
Base ш, ~ B 
$ uad — BH LG: 
Mic 
Newman 
rojection i 
pro} Anti-coplanar alkene 
transition state 
of alkyl halide 


Notice that the geometry required here is similar to that of the 52 reaction. In the 542 
reaction (Section 6.6) the nucleophile must push out the leaving group from the 
opposite side. In the E2 reaction the electron pair of the С — Н bond pushes the leav- 
ing group away from the opposite side as the base removes the hydrogen. (We shall 
also find in Section 7.7C that a syn-coplanar E2 transition state is possible, though not 
as favorable.) 


6.17 The E1 Reaction 


Elimination reactions may follow a different pathway from that given in Section 6.16. 
Treating tert-butyl chloride with 8096 aqueous ethanol at 25?C, for example, gives substi- 
tution products in 83% yield and an elimination product (2-methylpropene) in 17% yield: 


in ri 
841 
- а DOR 
CH CH, CH, 
| 3 tert-Butyl alcohol  tert-Butyl ethyl ether 
CHC ci -80%6:Н:0Н 
3 20% H;O (8396) 
CH, 25C 
tert-Butyl chloride E1 CH, 
CH,—C 
N 
CH, 
2-Methylpropene 
(17%) 


@ The initial step for both reactions is the formation of a tert-butyl cation as a com- 
mon intermediate. This is also the rate-determining step for both reactions; thus 
both reactions are unimolecular: 


CH, CH, 
| ~r slow / Pr 
CH,—C--Cl —> CH,—C* + Ch 
CH, CH, 
(solvated) (solvated) 


Whether substitution or elimination takes place depends on the next step (the fast step). 
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© Ifa solvent molecule reacts as a nucleophile at the positive carbon atom of the 
tert-butyl cation, the product is tert-butyl alcohol or tert-butyl ethyl ether and the 
reaction is Syl: 


jae [79 а ni | 

a i. M fast P d = | 5,1 

CH;-Q Sol—OH -> CH; —C+ 04 AET O—Sol +H—O* Sol } reaction 
CH; CH, "N CH, 

(Sol 2 H— or CH,CH,—) H—O—Sol 


© If, however, a solvent molecule acts as a base and removes one of the B hydrogen 
atoms as a proton, the product is 2-methylpropene and the reaction is ЕІ. 


CH, ys 
=. Ana fast codes - E1 
Sol ‘i H— CH; e —> Sol ° H + CH, N reaction 
H CH, H CH; 


2-Methylpropene 


ЕІ reactions almost always accompany 51 reactions. 


A MECHANISM FOR THE REACTION 


Mechanism for the E1 Reaction 


REACTION 
(CHs)gCCl + НО —  CH;—C(CHgo + Но“ + CI 
MECHANISM 
Step 1 
i Step 1 
Transition 
state 1 
CH, CH, 
| (Ga slow BO eS AG) 
Е НО CH4—C* + :CI: 
CH, CH, 
Aided by the This slow step 


polar solvent, a 
chlorine departs 
with the electron 
pair that bonded 
it to the carbon. 


produces the 
relatively stable 

3° carbocation and 

a chloride ion. 

The ions are solvated 
(and stabilized) by 
surrounding water 
molecules. 


Reaction coordinate 


(mechanism continues on the next page) 
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Step 2 


PE CN iN CH, 
н—0: + H- C> Ct — H—O+H + C=C 
| В| «N 7 W 


A molecule of water 
removes one of 

the hydrogens from 
the B carbon of the 
carbocation. These 
hydrogens are acidic 
due to the adjacent 
positive charge. At 
the same time an 
electron pair moves in 
to form a double bond 
between the o and 

p carbon atoms. 


This step produces the 
alkene and a hydronium ion. 


Fr 
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Step 2 


Transition 
state 2 


AG*o 


Reaction coordinate 


6.18 How to Determine Whether Substitution or Elimination Is Favored 


All nucleophiles are potential bases and all bases are potential nucleophiles. This is because 
the reactive part of both nucleophiles and bases is an unshared electron pair. It should not 
be surprising, then, that nucleophilic substitution reactions and elimination reactions often 
compete with each other. We shall now summarize factors that influence which type of reac- 
tion is favored, and provide some examples. 


6.18A 542 versus E2 


542 and E2 reactions are both favored by a high concentration of a strong nucleophile or 
base. When the nucleophile (base) attacks a hydrogen atom, elimination occurs. When 
the nucleophile attacks the carbon atom bearing the leaving group, substitution results: 


ВА 


(a) | 
——— | + Nu—H + X- 
elimination C 


вн Е2 ИХ 
Nu:- У fv 
0) 2С —Х | 
| "T" 
substitution uu + X 


Sy2 | 


The following examples illustrate the effects of several parameters on substitution and 
elimination: relative steric hindrance in the substrate (class of alkyl halide), temperature, 
size of the base/nucleophile (EtONa versus t-BuOK), and the effects of basicity and polar- 
izability. In these examples we also illustrate a very common way of writing organic reac- 
tions, where reagents are written over the reaction arrow, solvents and temperatures are 
written under the arrow, and only the substrate and major organic products are written to 
the left and right of the reaction arrow. We also employ typical shorthand notations of 
organic chemists, such as exclusive use of bond-line formulas and use of commonly 
accepted abbreviations for some reagents and solvents. 


Helpful Hint 


This section draws together the 
various factors that influence the 
competition between substitution 

and elimination. 
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Primary Substrate When the substrate is a primary halide and the base is strong and 
unhindered, like ethoxide ion, substitution is highly favored because the base can easily 
approach the carbon bearing the leaving group: 


EtONa 
“Хв; EtOH, 55°С dn а i 


Primary 512 Major E2 Minor 
(90%) (10%) 


Secondary Substrate With secondary halides, however, a strong base favors elimina- 
tion because steric hindrance in the substrate makes substitution more difficult: 


EtONa 
bd EtOH, 55°C и“ + ba 
Br on 


Secondary E2 Major Sy2 Minor 
(79%) (21%) 


Tertiary Substrate With tertiary halides, steric hindrance in the substrate is severe and 
an Sy? reaction cannot take place. Elimination is highly favored, especially when the reac- 
tion is carried out at higher temperatures. Any substitution that occurs must take place 
through an Sy1 mechanism: 


Without Heating 
__ЕіЮМа , 
P 25°C f T Р РЯ 
(room temp.) 
Tertiary E2 Major 541 Minor 
(91%) (9%) 
With Heating 
__EIONa | nia 
Br ЛЕОН, 55°C 55°C 
Tertiary E2 + E1 Only 
(100%) 


Temperature Increasing the reaction temperature favors elimination (E1 and E2) over 
substitution. Elimination reactions have greater free energies of activation than substitution 
reactions because more bonding changes occur during elimination. When higher tempera- 
ture is used, the proportion of molecules able to surmount the energy of activation barrier 
for elimination increases more than the proportion of molecules able to undergo substitu- 
tion, although the rate of both substitution and elimination will be increased. Furthermore, 
elimination reactions are entropically favored over substitution because the products of an 
elimination reaction are greater in number than the reactants. Additionally, because tem- 
perature is the coefficient of the entropy term in the Gibbs free-energy equation AG? — AH? 
— TAS", an increase in temperature further enhances the entropy effect. 


Size of the Base/Nucleophile Increasing the reaction temperature is one way of favor- 
ably influencing an elimination reaction of an alkyl halide. Another way is to use a strong 
sterically hindered base such as the tert-butoxide ion. The bulky methyl groups of the 
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tert-butoxide ion inhibit its reaction by substitution, allowing elimination reactions to take 
precedence. We can see an example of this effect in the following two reactions. The rel- 
atively unhindered methoxide ion reacts with octadecyl bromide primarily by substitution, 
whereas the bulky ftert-butoxide ion gives mainly elimination. 


Unhindered (Small) Base/Nucleophile 
Br __CH,ONa | ONa pop QUT 
Tug ~ CH,OH, 65°C. OH, 65°C З“ 
Е2 512 
(1%) (99%) 


Hindered Base/Nucleophile 


BA LM om t-BuOK uw " Soe 
15 -BuOK, 40°C 40°C 15 15 


Sy2 
me (15%) 


Basicity and Polarizability Another factor that affects the relative rates of E2 and 542 
reactions is the relative basicity and polarizability of the base/nucleophile. Use of a strong, 
slightly polarizable base such as hydroxide ion, amide ion (МН2 ), or alkoxide ion (espe- 
cially a hindered one) tends to increase the likelihood of elimination (E2). Use of a weakly 
basic ion such as a chloride ion (СІ ) or an acetate ion (CH3CO» ) or a weakly basic and 
highly polarizable one such as Br „| ,orRS increases the likelihood of substitution (Sj2). 
Acetate ion, for example, reacts with isopropyl bromide almost exclusively by the 852 path: 


До Де ДА 


(~100%) 


The more strongly basic ethoxide ion (Section 6.158) reacts with the same compound 
mainly by an E2 mechanism. 


6.188 Tertiary Halides: 541 versus E1 


Because El and Sy reactions proceed through the formation of a common intermediate, 
the two types respond in similar ways to factors affecting reactivities. El reactions are 
favored with substrates that can form stable carbocations (i.e., tertiary halides); they are 
also favored by the use of poor nucleophiles (weak bases) and they are generally favored 
by the use of polar solvents. 

It is usually difficult to influence the relative partition between 541 and ЕІ products 
because the free energy of activation for either reaction proceeding from the carbocation 
(loss of a proton or combination with a molecule of the solvent) is very small. 

In most unimolecular reactions the $1 reaction is favored over the El reaction, 
especially at lower temperatures. In general, however, substitution reactions of tertiary 
halides do not find wide use as synthetic methods. Such halides undergo eliminations much 
too easily. 

Increasing the temperature of the reaction favors reaction by the E1 mechanism at the 
expense of the Syl mechanism. 


e If an elimination product is desired from a tertiary substrate, it is advisable to 
use a strong base so as to encourage an E2 mechanism over the competing E1 
and Sy1 mechanisms. 


m 
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6.19 Overall Summary 


The most important reaction pathways for the substitution and elimination reactions of 
simple alkyl halides are summarized in Table 6.7. 


| тавіЕ 67 | =, Overall Summary of 541, 542, E1, апа E2 Reactions 


Helpful Hint 


Overall summary H R R 
| | | 
CH3X ак BUE En. 
H H R 
Methyl 1° 2° 3° 
Bimolecular (Su2/E2) Reactions Only Sn1/E1 or E2 
Gives Gives mainly 542 Gives mainly 542 with | No 542 reaction. In 
Sn2 except with a weak bases (e.g., |, solvolysis gives 
reactions | hindered strong base СМ“, АСО» ) and Sn1/E1, and at lower 
[e.g., (CH3)3CO ] and | mainly E2 with strong | temperatures 541 is 
then gives mainly E2. bases (e.g., RO ). favored. When a 
strong base (e.g., 
RO ) is used, E2 
predominates. 


Let us examine several sample exercises that will illustrate how the information in 
Table 6.7 can be used. 


Solved Problem 6.8 


Give the product (or products) that you would expect to be formed in each of the following reactions. In each case 
give the mechanism (51, 52, ЕІ, or E2) by which the product is formed and predict the relative amount of each 
(1.е., would the product be the only product, the major product, or a minor product?). 


Br 
CHO HO 
a 3 d ADSL EN 
(8) Ув; OCHO, 506° id) CH,OH, 50°C 
Br 
е зеи O CAE 
Г t-BuOH, 50°C CH,OH, 25°C 


Li. Br HS 
OR ә 
CH,OH, 50°C 


STRATEGY AND ANSWER 


(a) The substrate is a 1° halide. The base/nucleophile is CH3O , a strong base (but not a hindered one) and a good 
nucleophile. According to Table 6.7, we should expect an 542 reaction mainly, and the major product should 


be DS OH A minor product might be ~ 22 by an E2 pathway. 


(b) Again the substrate is a 1° halide, but the base/nucleophile, t-BuO  , is a strong hindered base. We should expect, 


therefore, the major product to be ~ 7^ by an E2 pathway and a minor product to be pao иви 
by an 542 pathway. 
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(c) The reactant is (S)-2-bromobutane, a 2° halide and one in which the leaving group is attached to a chirality cen- 
ter. The base/nucleophile is HS7, a strong nucleophile but a weak base. We should expect mainly ап Sy? reac- 
tion, causing an inversion of configuration at the chirality center and producing the (R) stereoisomer: 

SH H 


(d) The base/nucleophile is OH , a strong base and a strong nucleophile. The substrate is a 3° halide; therefore, 


we should not expect an 542 reaction. The major product should be s d via an E2 


reaction. At this higher temperature and in the presence of a strong base, we should not expect an appreciable 
amount of the Sy1 solvolysis, product, OCH, . 


(e) This is solvolysis; the only base/nucleophile is the solvent, CH3OH, which is a weak base (therefore, no E2 
reaction) and a poor nucleophile. The substrate is tertiary (therefore, no 52 reaction). At this lower tempera- 
ture we should expect mainly an Sy1 pathway leading to OCH, . A minor product, by an ЕІ pathway, 


would be NC 


Key Terms and Concepts 
The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
LU 


defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


боту ©. Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLU S teaching and learning solution. 


RELATIVE RATES OF NUCLEOPHILIC SUBSTITUTION 


6.20 — Which alkyl halide would you expect to react more rapidly by an S42 mechanism? Explain your answer. 


(a) Pct or aN (d) е or d ds 


Br 
Qe e SOS or ar S S) eT or 707 ос 


(c) Да ог <N e 


6.21 Which 52 reaction of each pair would you expect to take place more rapidly in a protic solvent? 


(0 (0) So ¢ so Lu ARO qr 


or 


2 МИА + вон — УМ + на 
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(b) пр о“ ош И о 45 се 


(2) ^^ Cl + ES a P HT 


И 
(е) (1) ^^ Pt + (Сена — МСеН)з + Bro 


(2) ^w Br + (CoH — ми СвНе + gr- 


@ (1) В" (1.0m) + мео“ (1.0m) — > OMe + ве 


(2) В" (тому + мео“ (20M) — OMe + gr 


6.22 — Which Sy! reaction of each pair would you expect їо take place more rapidly? Explain your answer. 


(a) (1) P H20 — ES t HCI 


or 


ura M Оа 
Ре dS а о S 

or 

apg een p i 


(е) (1) LAG, (10M) + EO (10M) вор он" С 


or 


(0) ANg COM + ЕЮ (10M) Бор 27 + CI 


(d) (1) IG (1.0M) + ЕЮ (1.0M) ==» P E CI- 


or 


(2) су (10M) + EO (20M) Бор он + OE 


(e) (1 "То + #20 — TS + HCI 


CI OH 
"el +10 — (UT + HCl 


SYNTHESIS 


6.23 Show how you might use a nucleophilic substitution reaction of 1-bromopropane to synthesize each of the following 
compounds. (You may use any other compounds that are necessary.) 


(a) ^. OH © О (в) ^ ^N (CHj,Br 
(b) 1-Iodopropane P (h) N 
PU d 
(c) ibo о i d (b 
Ре o. (i) 


(d) CH3CH2CH5— S — CH; NSH 


6.24 


6.25 


6.26 


6.27 


6.28 
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Problems 


With methyl, ethyl, or cyclopentyl halides as your organic starting materials and using any needed solvents or inor- 
ganic reagents, outline syntheses of each of the following. More than one step may be necessary and you need not 
repeat steps carried out in earlier parts of this problem. 


(а) Chal (e) CH3SH (i) CHOCH; 
(b) ^ ^ ( ^ “9н (j) “Соме 
(а) < “он фу “См 


Listed below аге several hypothetical nucleophilic substitution reactions. None is synthetically useful because the 
product indicated is not formed at an appreciable rate. In each case provide an explanation for the failure of the 
reaction to take place as indicated. 


(a) ^^ + OH 3 он + сну 
(b) “NN + OH 296 ИН + н- 


(c) + 0H MORS or UP Send 


(d) w и + CN ж -— + Br 


(e) NH, + CH,OCH, ><> CH,NH, + CH,OH 
(f) NH, + CH,OH,* -> CH,NH,* + H,O 


Your task is to prepare styrene by one of the following reactions. Which reaction would you choose to give the bet- 
ter yield of styrene? Explain your answer. 


Br 
Br 
(1) KOH = KOH Б 
EIOH, A ог (2) БОНА 


Styrene Styrene 


Your task is to prepare isopropyl methyl ether by one of the following reactions. Which reaction would give the 
better yield? Explain your answer. 


| OCH3 ONa OCH; 
(1) p + СНзОМа —— pw or (2) pu + CHgl — 
Isopropyl methyl ether Isopropyl methyl ether 


Starting with an appropriate alkyl halide and using any other needed reagents, outline syntheses of each of the follow- 
ing. When alternative possibilities exist for a synthesis, you should be careful to choose the one that gives the better yield. 


(a) Butyl sec-butyl ether ( о (j) cis-4-Isopropylcyclohexanol 


(b) (К) H CN 
Jie бе» E 
zs 


(c) Methyl neopentyl ether 
(g) (S)-2-Pentanol 


(d) Methyl phenyl ether 
(h) (R)-2-Iodo-4-methylpentane 


P" 


(1) trans-1-Iodo-4-methylcyclohexane 


280 


6.29 


6.30 


6.31 


6.32 
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GENERAL Sy1, 542, AND ELIMINATION 


Which product (or products) would you expect to obtain from each of the following reactions? In each part give 
the mechanism (Syl, Sn2, El, or E2) by which each product is formed and predict the relative amount of each 
product (i.e., would the product be the only product, the major product, a minor product, etc.?). 


a и Вг Bo. с! 
EtOH, 50°C (f) - 
pr е MeOH, 25°С 
(b ^ S tBu , 
t-BuOH, 50*C ТТЕ 
(g) 3-Chloropentane 2 
(c) MS MeOH, 50°C 
BE гс (h) 3-Chloropentane SUUM 
CH4CO;H, 50°C 
d t-BuOK но 
m Pu t-BuOH, 50°C (i) (R)-2-bromobutane 7,2 
256. C 
Cl (j) (S)-3-Bromo-3- -methylhexane 71268 


MeOH 
|- I 
(e) ii i (k) (S)-2-Bromooctane MeOH, 50°C 


Write conformational structures for the substitution m of the following deuterium-labeled compounds: 


ЈЕ “MeOH ot “MeOH 
ДУЛЕ dens b J~ ‘MeOH, HO „O 


Although ethyl bromide and isobutyl bromide are both primary halides, ethyl bromide undergoes Sy? reactions 
more than 10 times faster than isobutyl bromide does. When each compound is treated with a strong base/nucle- 
ophile (ЕТО), isobutyl bromide gives a greater yield of elimination products than substitution products, whereas 
with ethyl bromide this behavior is reversed. What factor accounts for these results? 


Consider the reaction of | with CH3CH5CI. 


(a) Would you expect the reaction to be Syl ог 5422 The rate constant for the reaction at 60°C is 
5x10?Lmol!s^! 


(b) What is the reaction rate if [17] = 0.1 mol 1.7! and [CH3CH5CI] = 0.1 mol p 
(c) If [7] = 0.1 mol L^! and [CH3CH5CI] = 0.2 mol 1712 
(d) If [7] = 0.2 mol L^! and [CH3CH5CI] = 0.1 mol 17 !? 
(e) If [7] = 0.2 mol L^! and [CH3CH5CI] = 0.2 mol 17 !? 


Which reagent in each pair listed here would be the more reactive nucleophile in a polar aprotic solvent? 


(а) СНЗМН” ог CH3NH»2 (d) (CgHs)3N ог (СН5)зР (g) HS or HS7 
(b) СНО“ ог CH3CO? ( OAc) (e) HO ог H3O* (h) СНЗСО» (“OAc) ог ОН“ 
(c) CH3SH or CH4OH (f) NH3 ог МНА? 


Write mechanisms that account for the products of the following reactions: 


wi AA ар, (b) HN и а (7 
i 
H 


но” 0 H,O 
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6.36 


6.37 


6.38 


6.39 


6.40 


6.41 


6.42 


6.43 


6.44 
6.45 


6.46 
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Problems 


Draw а three-dimensional representation for the transition state structure in the Sy2 reaction of МС: (cyanide 
anion) with bromoethane, showing all nonbonding electron pairs and full or partial charges. 


Many Sy2 reactions of alkyl chlorides and alkyl bromides are catalyzed by the addition of sodium or potassium iodide. 
For example, the hydrolysis of methyl bromide takes place much faster in the presence of sodium iodide. Explain. 


Explain the following observations: When tert-butyl bromide is treated with sodium methoxide in a mixture of 
methanol and water, the rate of formation of tert-butyl alcohol and tert-butyl methyl ether does not change appre- 
ciably as the concentration of sodium methoxide is increased. However, increasing the concentration of sodium 
methoxide causes a marked increase in the rate at which tert-butyl bromide disappears from the mixture. 


(a) Consider the general problem of converting a tertiary alkyl halide to an alkene, for example, the conversion of 
tert-butyl chloride to 2-methylpropene. What experimental conditions would you choose to ensure that elimi- 
nation is favored over substitution? 

(b) Consider the opposite problem, that of carrying out a substitution reaction on a tertiary alkyl halide. Use as 
your example the conversion of tert-butyl chloride to tert-butyl ethyl ether. What experimental conditions would 
you employ to ensure the highest possible yield of the ether? 

1-Bromobicyclo[2.2.1 ]heptane is extremely unreactive in either Sy2 or Sy1 reactions. Provide explanations for this 

behavior. 


When ethyl bromide reacts with potassium cyanide in methanol, the major product is CH3CH2CN. Some 
CH3CH2NC is formed as well, however. Write Lewis structures for the cyanide ion and for both products and pro- 
vide a mechanistic explanation of the course of the reaction. 


Give structures for the products of each of the following reactions: 


E | Е 
ма! (1 тој 
' B H E C,H,Fl + NaBr 
r 
(b) cl Nal (1 mol) 
а (1 mol) ——— ^. Сен си + NaCl 
acetone 


CI 


Br У Ма 
() МУ ове (1 mol) XS X, СаЊф + 2 NaBr 


gs ОР ӘН NaH (-H5) 
(д) С! ERO ^ C4HgCIONa EU. heat C4HgO + NaCl 


мамн, (-NH3) сна) 
> 


(е) lig. NH, C3H3Na —» C4Hg + Nal 


When tert-butyl bromide undergoes Sy1 hydrolysis, adding a “common ion" (e.g., NaBr) to the aqueous solution 
has no effect on the rate. On the other hand, when (CgHs)o2CHBr undergoes Sy1 hydrolysis, adding NaBr retards 
the reaction. Given that the (CgHs)2CH* cation is known to be much more stable than the (CH3)3C * cation (and 
we shall see why in Section 15.12A), provide an explanation for the different behavior of the two compounds. 


When the alkyl bromides (listed here) were subjected to hydrolysis in a mixture of ethanol and water (8096 
EtOH/20% H20) at 55°C, the rates of the reaction showed the following order: 
(СНз)зСВг > CH3Br > CH3CH2Br > (CH3)2CHBr 
Provide an explanation for this order of reactivity. 
The reaction of 1? alkyl halides with nitrite salts produces both RNO% and RONO. Account for this behavior. 


What would be the effect of increasing solvent polarity on the rate of each of the following nucleophilic substitu- 
tion reactions? 


(a) Nu: + R—L — R—Nu' + 17 (b R—L* — Rt + L 


Competition experiments are those in which two reactants at the same concentration (or one reactant with two reactive 
sites) compete for a reagent. Predict the major product resulting from each of the following competition experiments: 


(a) OW ANG - (b) "oem E. 


——— 
acetone 
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In contrast to Sy2 reactions, 541 reactions show relatively little nucleophile selectivity. That is, when more than 
one nucleophile is present in the reaction medium, 51 reactions show only a slight tendency to discriminate between 
weak nucleophiles and strong nucleophiles, whereas 542 reactions show a marked tendency to discriminate. 


(a) Provide an explanation for this behavior. 


(b) Show how your answer accounts for the following: 


Wy и и] NaCN (0.01M) S ч ON NaCN (0.01M) 
— — 
EtOH CI EtOH OEt 
Major product Major product 


Challenge Problems 


6.48 


6.49 


6.50 


The reaction of chloroethane with water in the gas phase to produce ethanol and hydrogen chloride has AH? = 

+26.6 kJ mol”! and AS? = +4.81 J K ! mol! at 25°C. 

(a) Which of these terms, if either, favors the reaction going to completion? 

(b) Calculate AG? for the reaction. What can you now say about whether the reaction will proceed to completion? 

(c) Calculate the equilibrium constant for the reaction. 

(d) In aqueous solution the equilibrium constant is very much larger than the one you just calculated. How can you 
account for this fact? 

When (S)-2-bromopropanoic acid [(S)-CH3CHBrCO>H] reacts with concentrated sodium hydroxide, the product formed 

(after acidification) is (R)-2-hydroxypropanoic acid [(R)-CH3CHOHCO?H, commonly known as (R)-lactic acid]. This 

is, of course, the normal stereochemical result for an Sy2 reaction. However, when the same reaction is carried out with 

a low concentration of hydroxide ion in the presence of Ад20 (where Ад“ acts as a Lewis acid), it takes place with 

overall retention of configuration to produce (S)-2-hydroxypropanoic acid. The mechanism of this reaction involves a 

phenomenon called neighboring-group participation. Write a detailed mechanism for this reaction that accounts for 

the net retention of configuration when Ag* and a low concentration of hydroxide are used. 

The phenomenon of configuration inversion in a chemical reaction was discovered in 1896 by Paul Walden (Section 

6.6). Walden's proof of configuration inversion was based on the following cycle: 


HO 
OH 


(—)-Chlorosuccinic acid 
Ag,O KOH 
о H,O PCI; о 

" HO " 
OH О 
O OH ANS b 4 O OH 
EE PCI H,O 
(—)-Malic acid O (+)-Malic acid 
HO 


* 


HO 
H 


OH 
О CI 


(+)-Chlorosuccinic acid 


The Walden Cycle 
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(a) Basing your answer on the preceding problem, which reactions of the Walden cycle are likely to take place 
with overall inversion of configuration and which are likely to occur with overall retention of configuration? 


(b) Malic acid with a negative optical rotation is now known to have the (S) configuration. What are the configu- 
rations of the other compounds in the Walden cycle? 

(c) Walden also found that when (+)-malic acid is treated with thionyl chloride (rather than PCla), the product of 
the reaction is (+)-chlorosuccinic acid. How can you explain this result? 


(d) Assuming that the reaction of (—)-malic acid and thionyl chloride has the same stereochemistry, outline a Walden 
cycle based on the use of thionyl chloride instead of PCls. 


6.51 (R)-(3-Chloro-2-methylpropyl) methyl ether (A) on reaction with azide ion (Ма ) in aqueous ethanol gives 
(S)-(3-azido-2-methylpropyl) methyl ether (B). Compound A has the structure CICH2CH(CH3)CH2OCHs. 
(a) Draw wedge-dashed wedge-line formulas of both A and B. 
(b) Is there a change of configuration during this reaction? 


6.52 Predict the structure of the product of this reaction: 
HS Ro m CI NaOH in 
aqueous EtOH C,H4,S 


The product has no infrared absorption in the 1620-1680-cm™! region. 

6.53 cis-A-Bromocyclohexanol I racemic CgH49O (compound C) 

Compound C has infrared absorption in the 1620—1680-cm ^! and in the 3590-3650-cm ^! regions. Draw and label 
the (R) and (S) enantiomers of product C. 

6.54 1-Bromo[2.2.1]bicycloheptane is unreactive toward both Sy2 and Sy1 reactions. Open the computer molecular model 
at the book's website titled “1-Bromo[2.2.1]bicycloheptane” and examine the structure. What barriers are there to 
substitution of 1-bromo[2.2.1]bicycloheptane by both 542 and Sy1 reaction mechanisms? 

6.55 Open the computer molecular model titled “1-Bromo[2.2.1]bicycloheptane LUMO” at the book's website for the 
lowest unoccupied molecular orbital (LUMO) of this compound. Where is the lobe of the LUMO with which the 
HOMO of a nucleophile would interact in an 542 reaction? 

6.56 In the previous problem and the associated molecular model at the book's website, you considered the role of 
HOMOs and LUMOs in an Sy? reaction. 

(a) What is the LUMO in an $31 reaction and in what reactant and species is it found? 

(b) Open the molecular model at the book’s website titled “Isopropyl Methyl Ether Carbocation LUMO.” Identify 
the lobe of the LUMO in this carbocation model with which a nucleophile would interact. 

(c) Open the model titled “Isopropyl Methyl Ether Carbocation HOMO.” Why is there a large orbital lobe between 
the oxygen and the carbon of the carbocation? 


Learning Group Problems 


1. Consider the solvolysis reaction of (15,2R)-1-bromo-1,2-dimethylcyclohexane in 80% H20/2096 CH3CH2OH at 
room temperature. 


(a) Write the structure of all chemically reasonable products from this reaction and predict which would be the 
major one. 


(b) Write a detailed mechanism for formation of the major product. 


(c) Write the structure of all transition states involved in formation of the major product. 
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Chapter 6 lonic Reactions 


Consider the following sequence of reactions, taken from the early steps in a synthesis of w-fluorooleic acid, a toxic 
natural compound from an African shrub. (w-Fluorooleic acid, also called *ratsbane;" has been used to kill rats and 
also as an arrow poison in tribal warfare. Two more steps beyond those below are required to complete its synthesis.) 


(1)  1-Bromo-8-fluorooctane + sodium acetylide (the sodium salt of ethyne) ——» compound A (C4 9H47F) 
(ii) Compound А + NaNHs —— compound B (СлоНав Ма) 

(iii) Compound B + 1—(CH2); —Cl — compound С (Сч7НзоСІР) 

(iv) Compound С + NaCN —— compound D (C48H39NF) 


(a) Elucidate the structures of compounds A, B, C, and D above. 


(b) Write the mechanism for each of the reactions above. 


(c) Write the structure of the transition state for each reaction. 


Summary and Review Tools 


Mechanism Review: Substitution versus Elimination 


S2 


Primary substrate 
Back side attack of Nu: with respect to LG 
Strong/polarizable unhindered nucleophile 


Bimolecular in rate-determining step 
Concerted bond forming/bond breaking 
Inversion of stereochemistry 

Favored by polar aprotic solvent 


Sy2 and E2 


Secondary or primary substrate 
Strong unhindered base/nucleophile 
leads to Sy2 
Strong hindered base/nucleophile leads to E2 
Low temperature (512) / high 
temperature (E2) 


511 and E1 


Tertiary substrate 
Carbocation intermediate 
Weak nucleophile/base (e.g., solvent) 


Unimolecular in rate-determining step 
Racemization if Sy1 

Removal of B-hydrogen if E1 

Protic solvent assists ionization of LG 

Low temperature (541) / high temperature (E1) 


Tertiary or secondary substrate 
Concerted anti-coplanar transition 
state 


Bimolecular in rate-determining step 
Strong hindered base 
High temperature 


Alkenes and Alkynes | 
Properties and Synthesis. 
Elimination Reactions of Alkyl Halides 


Three very dissimilar substances—vitamin A from sources including dark green leafy vegetables, cholesterol from 
animals, and rubber from certain trees—have something in common. Their molecules all have carbon-carbon 
double bonds—the alkene functional group. 


Wu S Aw. CH200H 


Vitamin A Cholesterol 


etc. (Z) (Z) (Z) (Z) etc. 


Natural rubber 


Gutta percha, another natural latex from the sap of some trees, is similar to natural rubber, yet also differ- 


d ya rd ya 
etc. (E) ©) p. etc. 


Gutta percha 


ent in an important way. 
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7.1 Introduction 


H H 
N / 
с=с 
/ X 
H H 
Ethene 
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Natural rubber and gutta percha differ in the directions taken by the main chain 
at each double bond. As we learn in this chapter, according to the (E)-(Z) system, 
the double bonds of rubber are all designated (Z) and those of gutta percha are all 
(E). This seemingly slight difference in stereochemistry, however, renders gutta per- 
cha useless for many applications of rubber. For example, gutta percha is inelastic. 

All four of these substances give characteristic reactions of alkenes that we 
will study in Chapter 8. Moreover, when nature puts these molecules together, the 
double bonds are made by a reaction that we have just studied and will study fur- 
ther in this chapter, the elimination reaction. 


Alkenes are hydrocarbons whose molecules contain the carbon-carbon double bond. An 
old name for this family of compounds that is still often used is the name olefins. 
Ethene (ethylene), the simplest olefin (alkene), was called olefiant gas (Latin: oleum, oil + 


facere, to make) because gaseous ethene (C2H4) reacts with chlorine to form CoHy4Clo, a 


liquid (oil). 
Hydrocarbons whose molecules contain the carbon-carbon triple bond are called alkynes. 
The common name for this family is acetylenes, after the simplest member, HC=CH: 


H 
N 
C—C H—C z—C—H 
/ 
H 
Propene Ethyne 


7.1A Physical Properties of Alkenes and Alkynes 


Alkenes and alkynes have physical properties similar to those of corresponding alkanes. 
Alkenes and alkynes up to four carbons (except 2-butyne) are gases at room temperature. 
Being relatively nonpolar themselves, alkenes and alkynes dissolve in nonpolar solvents or 
in solvents of low polarity. Alkenes and alkynes are only very slightly soluble in water (with 
alkynes being slightly more soluble than alkenes). The densities of alkenes and alkynes are 
lower than that of water. 


7.2 The (E)-(Z) System for Designating Alkene Diastereomers 


In Section 4.5 we learned to use the terms cis and trans to designate the stereochemistry 
of alkene diastereomers. These terms are unambiguous, however, only when applied to di- 
substituted alkenes. If the alkene is trisubstituted or tetrasubstituted, the terms cis and trans 
are either ambiguous or do not apply at all. Consider the following alkene as an example: 


Bl 
с=с 
2N 
H F 
A 


It is impossible to decide whether A is cis or trans since no two groups are the same. 

A system that works in all cases is based on the priorities of groups in the 
Cahn-Ingold-Prelog convention (Section 5.7). This system, called the (E)-(Z) system, 
applies to alkene diastereomers of all types. In the (E)-(Z) system, we examine the two 


7.2 The (E)-(Z) System for Designating Alkene Diastereomers 


groups attached to one carbon atom of the double bond and decide which has higher pri- 
ority. Then we repeat that operation at the other carbon atom: 


Higher — Cl. Pi EN p> Higher CIF 
priority C C priority 

| | 

C C 

# N ZCC€v 
Higher > Br H Higher > Br H Br — H 
priority priority 
(Z)-2-Bromo-1-chloro-1- (E)-2-Bromo-1-chloro-1- 
fluoroethene fluoroethene 


We take the group of higher priority on one carbon atom and compare it with the group of 
higher priority on the other carbon atom. If the two groups of higher priority are on the 
same side of the double bond, the alkene is designated (Z) (from the German word zusam- 
men, meaning together). If the two groups of higher priority are on opposite sides of the 
double bond, the alkene is designated (E) (from the German word entgegen, meaning oppo- 
site). The following example illustrates this: 


H,C H H,C 
TR pes TUM Fi 
С=С CH} > Н С=С 
P ~ Z ~ 
H H H CH; 
(Z)-2-Butene or (Z)-but-2-ene (E)-2-Butene or (E)-but-2-ene 
(cis-2-butene) (trans-2-butene) 


287 


Solved Problem 7.1 


The two stereoisomers of 1-bromo-1,2-dichloroethene cannot be designated as cis and trans in the normal way 
because the double bond is trisubstituted. They can, however, be given (E) and (Z) designations. Write a structural 


formula for each isomer and give each the proper designation. 


STRATEGY AND ANSWER We write the structures (below), then note that chlorine has a higher priority than hydro- 
gen, and bromine has a higher priority than chlorine. The group with higher priority on C1 is bromine and the group 
with higher priority at C2 is chlorine. In the first structure the higher priority chlorine and bromine atoms are on 
opposite sides of the double bond, and therefore this isomer is (E). In the second structure those chlorine and bromine 


atoms are on the same side, so the latter isomer is (Z). 


CI CI CI Br 
NS 2 CI — H Ww 77 
C=C Br> Cl C=C 
d SS А S 
H Br H Cl 
(E)-1-Bromo-1,2-dichloroethene (Z)-1-Bromo-1,2-dichloroethene 


Using the (E)-(Z) designation [and in parts (e) and (f) the (R)-(S) designation as well] give 
IUPAC names for each of the following: 


Br H "EUG 
Ср HG, ,CH.CH(CH,), С PA 
СІ CH,CH,CH, (c) е 
н CH, 
Gl Br Cl CH 
b ‘c=c” dj we 
N a 


Review Problem 7.1 
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7.3 Relative Stabilities of Alkenes 


Cis and trans isomers of alkenes do not have the same stability. 


6 Strain caused by crowding of two alkyl groups on the same side of a double bond 
makes cis isomers generally less stable than trans isomers (Fig. 7.1). 


This effect can be measured quantitatively by comparing thermodynamic data from exper- 
iments involving alkenes with related structures, as we shall see below. 


Figure 7.1 Cis and trans alkene 
isomers. The cis isomer is less 
stable due to greater strain from 
crowding by the adjacent alkyl 
groups. 


7.3A Heat of Reaction 


The addition of hydrogen to an alkene (hydrogenation, Sections 4.16A and 7.13) is an 
exothermic reaction; the enthalpy change involved is called the heat of reaction or, in this 
specific case, the heat of hydrogenation. 


N # Р ME 

C=C +H—H—>—C—C— АН” = -120 КЈ mol"! 
ж N | | 
H H 


> 


We can gain a quantitative measure of relative alkene stabilities by comparing the heats of 
hydrogenation for a family of alkenes that all become the same alkane product on hydro- 
genation. The results of such an experiment involving platinum-catalyzed hydrogenation 
of three butene isomers are shown in Fig. 7.2. All three isomers yield the same product— 
butane—but the heat of reaction is different in each case. On conversion to butane, 1-butene 
liberates the most heat (127 kJ mol _ 5 followed by cis-2-butene (120 kJ mol by. with trans- 
2-butene producing the least heat (115 kJ mol 1). These data indicate that the trans isomer 


AH? = 120 kJ тог! 


Figure 7.2 An energy diagram for n is AH? = 115 kJ тог! 
platinum-catalyzed hydrogenation of ава kJ mol | 


the three butene isomers. The order of | 
their heats of hydrogenation is trans-2- 


stability based on the differences in 
butene > cis-2-butene > 1-butene. MT 
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7.3 Relative Stabilities of Alkenes 


is more stable than the cis isomer, since less energy is released when the trans isomer is 
converted to butane. Furthermore, it shows that the terminal alkene, 1-butene, is less sta- 
ble than either of the disubstituted alkenes, since its reaction is the most exothermic. Of 
course, alkenes that do not yield the same hydrogenation products cannot be compared on 
the basis of their respective heats of hydrogenation. In such cases it is necessary to com- 
pare other thermochemical data, such as heats of combustion, although we will not go into 
analyses of that type here. 


7.3B Overall Relative Stabilities of Alkenes 


Studies of numerous alkenes reveal a pattern of stabilities that is related to the number of 
alkyl groups attached to the carbon atoms of the double bond. 


@ The greater the number of attached alkyl groups (1.e., the more highly substituted 
the carbon atoms of the double bond), the greater is the alkene's stability. 


This order of stabilities can be given in general terms as follows: = 


Relative Stabilities of Alkenes 
bt a NES UT uM T EC AMNES d 
R/ вв ‘HR HH ^R но ^H  H ^H MW H 


Tetrasubstituted Trisubstituted —— «————————— Disubstituted ——————————^  Monosubstituted Unsubstituted 


Solved Problem 7.2 


Consider the two alkenes 2-methyl-1-pentene and 2-methyl-2-pentene and decide which would be most stable. 


STRATEGY AND ANSWER First write the structures of the two alkenes, then decide how many substituents the 


double bond of each has. 


2-Methyl-1-pentene 2-Methyl-2-pentene 
(disubstituted, less stable) (trisubstituted, more stable) 


2-Methyl-2-pentene has three substituents on its double bond, whereas 2-methyl-1-pentene has only one, and there- 
fore it is the more stable. 


Rank the following cycloalkenes in order of increasing stability. Review Problem 7.2 


*This order of stabilities may seem contradictory when compared with the explanation given for the relative 
stabilities of cis and trans isomers. Although a detailed explanation of the trend given here is beyond our scope, 
the relative stabilities of substituted alkenes can be rationalized. Part of the explanation can be given in terms of 
the electron-releasing effect of alkyl groups (Section 6.11B), an effect that satisfies the electron-withdrawing 
properties of the sp^-hybridized carbon atoms of the double bond. 


290 


Review Problem 7.3 


Review Problem 7.4 


Review Problem 7.5 


7.4 Cycloalkenes 


Figure 7.3  cis-Cycloalkenes. 


Figure 7.4 Hypothetical trans- 
cyclohexene. This molecule is 
apparently too highly strained to 
exist at room temperature. 


Helpful Hint 


Exploring all of these cycloalkenes 
with handheld molecular models, 
including both enantiomers of 
trans-cyclooctene, will help 
illustrate their structural 
differences. 
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Heats of hydrogenation of three alkenes are as follows: 


2-methyl-1-butene (—119 kJ mol!) 
3-methyl-1-butene (—127 kJ mol!) 
2-methyl-2-butene (— 113 kJ mol 1) 


(a) Write the structure of each alkene and classify it as to whether its doubly bonded atoms 
are monosubstituted, disubstituted, trisubstituted, or tetrasubstituted. (b) Write the struc- 
ture of the product formed when each alkene is hydrogenated. (c) Can heats of hydro- 
genation be used to relate the relative stabilities of these three alkenes? (d) If so, what is 
the predicted order of stability? If not, why not? (e) What other alkene isomers are possi- 
ble for these alkenes? Write their structures. (f) What are the relative stabilities among just 
these isomers? 


Predict the more stable alkene of each pair: (a) 2-methyl-2-pentene or 2,3-dimethyl- 
2-butene; (b) cis-3-hexene or trans-3-hexene; (c) 1-ћехепе or cis-3-hexene; (d) trans- 
2-hexene or 2-methyl-2-pentene. 


Reconsider the pairs of alkenes given in Review Problem 7.4. Explain how IR spectroscopy 
can be used to differentiate between the members of each pair. 


The rings of cycloalkenes containing five carbon atoms or fewer exist only in the cis form 
(Fig. 7.3). The introduction of a trans double bond into rings this small would, if it were 
possible, introduce greater strain than the bonds of the ring atoms could accommodate. 


а 0 о QO 


Cyclopropene  Cyclobutene  Cyclopentene Cyclohexene 


(Verify this with handheld molecular models.) trans-Cyclohexene might resemble the struc- 
ture shown in Fig. 7.4. There is evidence that it can be formed as a very reactive short-lived 
intermediate in some chemical reactions, but it is not isolable as a stable molecule. 

trans-Cycloheptene has been observed spectroscopically, but it is a substance with a very 
short lifetime and has not been isolated. 

trans-Cyclooctene (Fig. 7.5) has been isolated, however. Here the ring is large enough 
to accommodate the geometry required by a trans double bond and still be stable at room 
temperature. trans-Cyclooctene is chiral and exists as a pair of enantiomers. You may wish 
to verify this using handheld models. 


cis-Cyclooctene — trans-Cyclooctene 


Figure 7.5 The cis and trans forms of 
cyclooctene. 
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7.5 Synthesis of Alkenes via Elimination Reactions 


Elimination reactions are the most important means for synthesizing alkenes. In this chap- 
ter we shall study two methods for alkene synthesis based on elimination reactions: dehy- 
drohalogenation of alkyl halides and dehydration of alcohols. 


Dehydrohalogenation of Alkyl Halides (Sections 6.15, 6.16, and 7.6) 


H Hy H H 
E » base = 
C—C —— À 
“4 N —HX 
H 
H X H H 
Dehydration of Alcohols (Sections 7.7 and 7.8) 

H Hy H H 
\ d H*, heat — 
C—C 5 

y N —HOH 
H 
H OH H H 


7.6 Dehydrohalogenation of Alkyl Halides 


@ The best reaction conditions to use when synthesizing an alkene by dehydrohalo- 
genation are those that promote an E2 mechanism. 


In an E2 mechanism, a base removes a В hydrogen from the B carbon, as the double bond 
forms and a leaving group departs from the а carbon. 


EET 


Reaction conditions that favor elimination by an E1 mechanism should be avoided because 
the results can be too variable. The carbocation intermediate that accompanies an E1 reac- 
tion can undergo rearrangement of the carbon skeleton, as we shall see in Section 7.8, and 
it can also undergo substitution by an Syl mechanism, which competes strongly with for- 
mation of products by an E1 path. 


7.6A How to Favor an E2 Mechanism 


1. Use a secondary or tertiary alkyl halide if possible. 

Why: Because steric hindrance in the substrate will inhibit substitution. 

2. When a synthesis must begin with a primary alkyl halide, use a bulky base. 
Why: Because the steric bulk of the base will inhibit substitution. 

3. Use a high concentration of a strong and nonpolarizable base such as an alkoxide. 
Why: Because a weak and polarizable base would not drive the reaction toward a 
bimolecular reaction, thereby allowing unimolecular processes (such as 541 or El 
reactions) to compete. 

4. Sodium ethoxide in ethanol (EtONa/EtOH) and potassium fert-butoxide in tert- 
butyl alcohol (t-BuOK/t-BuOH) are bases typically used to promote E2 reactions. 
Why: Because they meet criterion 3 above. Note that in each case the alkoxide base 
is dissolved in its corresponding alcohol. (Potassium hydroxide dissolved in ethanol 
or fert-butyl alcohol is also sometimes used, in which case the active base includes 
both the alkoxide and hydroxide species present at equilibrium.) 
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5. Use elevated temperature because heat generally favors elimination over 
substitution. 
Why: Because elimination reactions are entropically favored over substitution reac- 
tions (because the products are greater in number than the reactants). Hence AS? in 
the Gibbs free-energy equation, AG? = AH? — T AS? is significant, and AS? will be 
increased by higher temperature since T is a coefficient, leading to a more negative 
(favorable) ДО“. 


7.6B Zaitsev's Rule: Formation of the More Substituted 
Alkene Is Favored with a Small Base 


We showed examples in Sections 6.15–6.17 of dehydrohalogenations where only a single 
elimination product was possible. For example: 


EtONa 
о» 
Y EtOH, 55°C А 


d (79%) 
OK EtONa bd 
————————ә 
EtOH, 55°С 

Вг 
(91%) 


Вг t-BuOK М 
> 
COO uud t-BuOH, 40°C 5 ~ 


(85%) 


Dehydrohalogenation of many alkyl halides, however, yields more than one product. 
For example, dehydrohalogenation of 2-bromo-2-methylbutane can yield two products: 2- 
methyl-2-butene and 2-methyl-1-butene, as shown here by pathways (a) and (b), respectively: 


B: (a) — + H—B +: Br:- 
(a) ГА. (b) / ( н 
H ( 


2-Methyl-2-butene 


a 


(b) j LS 
Br # ( + H—B d : Br: 


2-Bromo-2-methylbutane 2-Methyl-1-butene 


@ If we use a small base such as ethoxide or hydroxide, the major product of the 
reaction will be the more highly substituted alkene (which is also the more stable 
alkene). 


EtONa ( ( 
» + 
re EtOH, 70°C 
Br 


2-Methyl-2-butene 2-Methyl-1-butene 
(69%) (31%) 
(more stable) (less stable) 


2-Methyl]-2-butene is a trisubstituted alkene (three methyl groups are attached to carbon 
atoms of the double bond), whereas 2-methyl-1-butene is only disubstituted. 2-Methyl-2- 
butene is the major product. 


7.6 Dehydrohalogenation of Alkyl Halides 


€ Whenever an elimination occurs to give the more stable, more highly substituted 
alkene, chemists say that the elimination follows the Zaitsev rule, named for the 


cx 
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Helpful Hint 


nineteenth-century Russian chemist А. N. Zaitsev (1841—1910) who formulated it. 
(Zaitsev's name is also transliterated as Zaitzev, Saytzeff, Saytseff, or Saytzev.) 


The reason for this behavior is related to the double-bond character that develops in the 
transition state (cf. Section 6.16) for each reaction: 


é= 
СНО i 
Ee = H, = 
J N ; N / 
C,H,O- + с ose” = C,H,OH+ С=С. + Вг- 
Вг Br?- 


Transition state for an E2 reaction 
The carbon-carbon bond has some 
of the character of a double bond. 


The transition state for the reaction leading to 2-methyl-2-butene (Fig. 7.6) has the devel- 
oping character of the double bond in a trisubstituted alkene. The transition state for the 
reaction leading to 2-methyl-1-butene has the developing character of a double bond in a 
disubstituted alkene. Because the transition state leading to 2-methyl-2-butene resembles 
a more stable alkene, this transition state is more stable (recall the Hammond-Leffler pos- 
tulate, Fig. 6.10). Because this transition state is more stable (occurs at lower free energy), 
the free energy of activation for this reaction is lower and 2-methyl-2-butene is formed faster. 
This explains why 2-methyl-2-butene is the major product. In general, the preferential 
formation of one product because the free energy of activation leading to its formation is 
lower than that for another product, and therefore the rate of its formation faster, is called 
kinetic control of product formation. (See also Section 13.10A.) 


Higher energy transition 
state because it resembles 
the less stable of the possible 
alkene products. 


Lower energy transition state because 
it resembles the more stable of the 
possible alkene products. 


pa 
CH3CH2C =ЄН, + CH3CH2OH 


| Т TE + Br 
CH3CH;07 + CH3CH> 2 | TER СНз 2-Methyl-1-butene 
Br CHs 
снасн= CCH, + CH4CH;OH 
+ Br 


2-Methyl-2-butene 


Reaction coordinate 


The Zaitsev product is that which is 
the more stable product. 


Figure 7.6 Reaction 
(2) leading to the more 
stable alkene occurs 
faster than reaction (1) 
leading to the less 
stable alkene; AG*a is 
less than АС). 
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Solved Problem 7.3 
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Using Zaitsev's rule, predict which would be the major product of the following reaction: 


EtONa # = 
—— 
EtOH, 55°C or 


Br 
A B 


STRATEGY AND ANSWER Alkene B has a trisubstituted double bond whereas the double bond of A is only mono- 
substituted. Therefore, B is more stable and, according to Zaitsev's rule, would be the major product. 


Review Problem 7.6 


Review Problem 7.7 


Solved Problem 7.4 


Predict the major product formed when 2-bromobutane is subjected to dehydrobromina- 
tion using sodium ethoxide in ethanol at 55?C. 


List the alkenes that would be formed when each of the following alkyl halides is subjected 
to dehydrohalogenation with potassium ethoxide in ethanol and use Zaitsev's rule to pre- 
dict the major product of each reaction: (a) 2-bromo-3-methylbutane and (b) 2-bromo-2,3- 
dimethylbutane. 


7.6C Formation of the Less Substituted Alkene Using a 
Bulky Base 


€ Carrying out dehydrohalogenations with a bulky base such as potassium tert- 
butoxide (-BuOK) in tert-butyl alcohol (-BuOH) favors the formation of the less 
substituted alkene: 


t-BuOK 
———— — + 
s BUOH, 75C / / ( 
Br 


2-Methyl-2-butene 2-Methyl-1-butene 
(27.5%) (72.5%) 
(more substituted) (less substituted) 


The reasons for this behavior are related in part to the steric bulk of the base and to the 
fact that in tert-butyl alcohol the base is associated with solvent molecules and thus made 
even larger. The large tert-butoxide ion appears to have difficulty removing one of the 
internal (2°) hydrogen atoms because of greater crowding at that site in the transition state. 
It removes one of the more exposed (1°) hydrogen atoms of the methyl group instead. 


@ When an elimination yields the less substituted alkene, we say that it follows the 
Hofmann rule (see also Section 20.12A). 


Your task is the following synthesis. Which base would you use to maximize the yield of this specific alkene? 


X- OF 


Br 


STRATEGY AND ANSWER Here you want the Hofmann rule to apply (you want the less substituted alkene to be 
formed). Therefore, use a bulky base such as potassium fert-butoxide in tert-butyl alcohol. 
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Examine Solved Problem 7.3. Your task is to prepare A in the highest possible yield by Review Problem 7.8 
dehydrobromination. Which base would you use? 


7.6D The Stereochemistry of E2 Reactions: The Orientation 
of Groups in the Transition State 
@ The five atoms involved in the transition state of an E2 reaction (including the 
base) must lie in the same plane. 


The requirement for coplanarity of the H—C—C—LG unit arises from a need for proper 
overlap of orbitals in the developing т bond of the alkene that is being formed (see Section 
6.16). There are two ways that this can happen: 


EB: h. Й poc i. pha 
va 
“le 
Anti coplanar Syn coplanar 
transition state transition state 

(preferred) (only with certain 

rigid molecules) 

@ The anti coplanar conformation is the preferred transition state geometry. Е Heipfu 1 Hint 
The syn coplanar transition state occurs only with rigid molecules that are unable to assume Be able to draw a three- 


the anti arrangement. The reason: The anti coplanar transition state is staggered (and pun des representation of an 
therefore of lower energy), while the syn coplanar transition state is eclipsed. Review aniti copianar Ба trangitionstate: 
Problem 7.9 will help to illustrate this difference. 


Consider a simple molecule such as ethyl bromide and show with Newman projection for- Review Problem 7.9 
mulas how the anti coplanar transition state would be favored over the syn coplanar one. 


Part of the evidence for the preferred anti coplanar arrangement of groups comes from 
experiments done with cyclic molecules. Two groups axially oriented on adjacent carbons 
in a chair conformation of cyclohexane are anti coplanar. If one of these groups is a hydro- 
gen and the other a leaving group, the geometric requirements for an anti coplanar E2 tran- 
sition state are met. Neither an axial-equatorial nor an equatorial-equatorial orientation of 
the groups allows formation of an anti coplanar transition state. (Note that there are no syn 
coplanar groups in a chair conformation, either.) 


Bi H H 
——H H H 
BAIE H H 
H Ç Cl H 
CI 
Here the 8 hydrogen and the A Newman projection formula 
chlorine are both axial. This shows that the 8 hydrogen and 
allows an anti coplanar the chlorine are anti coplanar 
transition state. when they are both axial. 


As examples, let us consider the different behavior in E2 reactions shown by two com- 
pounds containing cyclohexane rings, neomenthyl chloride and menthyl chloride: 


ord jenen), HC ~™CH(CH,), 


и 


СІ СІ 
Neomenthyl chloride Menthyl chloride 


In the more stable conformation of neomenthyl chloride (see the following mechanism), 
the alkyl groups are both equatorial and the chlorine is axial. There are also axial hydrogen 
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atoms on both C1 and C3. The base can attack either of these hydrogen atoms and achieve 
an anti coplanar transition state for an E2 reaction. Products corresponding to each of these 
Examine the conformations of ul ; ; ; > 
nasinanthyl chloride using transition states (2-menthene and 1-menthene) are formed rapidly. In accordance with Zaitsev's 
handheld models. rule, 1-menthene (with the more highly substituted double bond) is the major product. 


elpful [Tint 


A MECHANISM FOR THE REACTION 


E2 Elimination Where There Are Two Axial 8 Hydrogens 


E (a) 1 


Ы Et—0: н H TE 
i 1-Menthene (78%) 
CH(CH); (more stable alkene) 


НС 


Sp wm 
b 1 
с! (b) и рт 
Neomenthyl chloride 
€ 2 
Both green hydrogens are anti to 
the chlorine in this, the more stable сина је oe 
conformation. Elimination by path (a) (tess Sable alkene) 


leads to 1-menthene; by path (b) 
to 2-menthene. 


On the other hand, the more stable conformation of menthyl chloride has all three groups 
(including the chlorine) equatorial. For the chlorine to become axial, menthyl chloride has 
to assume a conformation in which the large isopropyl group and the methyl group are also 
axial. This conformation is of much higher energy, and the free energy of activation for the 
reaction is large because it includes the energy necessary for the conformational change. 
Consequently, menthyl chloride undergoes an E2 reaction very slowly, and the product is 
entirely 2-menthene because the hydrogen atom at C1 cannot be anti to the chlorine. This 
product (or any resulting from an elimination to yield the less substituted alkene) is some- 
times called the Hofmann product (Sections 7.6C and 20.12A). 


A MECHANISM FOR THE REACTION 


E2 Elimination Where the Only Axial 8 Hydrogen Is from a Less Stable Conformer 


CH; Cr à 
CH, CI 
EM H 1 
ee 4 П H — HC ""CH(CHy); 
m 35 H снн»), = 
EtO 39 H CH(CH3); | 8— 
EtO: 
Menthyl chloride Menthyl chloride 2-Menthene (100%) 
(more stable conformation) (less stable conformation) 
Elimination is not possible Elimination is possible from this The transition state for the E2 
for this conformation because conformation because the green elimination is anti coplanar. 
no hydrogen is anti to the hydrogen is anti to the chlorine. 


leaving group. 
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Solved Problem 7.5 


Predict the major product formed when the following compound is subjected 
to dehydrochlorination with sodium ethoxide in ethanol. H3C 


~mCH(CHg)2 


> 


CI 
STRATEGY AND ANSWER We know that for an E2 dehydrochlorination to take place the chlorine will have to be 
axial. The following conformation has the chlorine axial and has two hydrogen atoms that are anti coplanar to the 


chlorine. Two products will be formed but (b) being more stable should be the major product. 


b) – 
o (a) 6) -OEt 


H 
H3C CH(CH3)2 Sr H3C CH(CH3)2 x: њо—( J CHOH 
) (b) 


CI i 
Disubstituted, less stable Trisubstituted, more stable 
(minor product) (major product) 
When cis-1-bromo-4-tert-butylcyclohexane is treated with sodium ethoxide in ethanol, it Review Problem 7.10 


reacts rapidly; the product is 4-tert-butylcyclohexene. Under the same conditions, trans-1- 
bromo-4-tert-butylcyclohexane reacts very slowly. Write conformational structures and 
explain the difference in reactivity of these cis—trans isomers. 


(a) When cis-1-bromo-2-methylcyclohexane undergoes an E2 reaction, two products Review Problem 7.11 
(cycloalkenes) are formed. What are these two cycloalkenes, and which would you expect 

to be the major product? Write conformational structures showing how each is formed. 

(b) When trans-l-bromo-2-methylcyclohexane reacts in an E2 reaction, only one 

cycloalkene is formed. What is this product? Write conformational structures showing 

why it is the only product. 


7.7 Acid-Catalyzed Dehydration of Alcohols 


€ Most alcohols undergo dehydration (lose a molecule of water) to form an alkene 
when heated with a strong acid. 


| | HA XX / 
Pan hear Pu + H,O 
H OH 


The reaction is an elimination and is favored at higher temperatures (Section 6.18A). The 
most commonly used acids in the laboratory are Brønsted acids—proton donors such as 
sulfuric acid and phosphoric acid. Lewis acids such as alumina (Al2O3) are often used in 
industrial, gas-phase dehydrations. 


1. The temperature and concentration of acid required to dehydrate an alcohol 
depend on the structure of the alcohol substrate. 


(a) Primary alcohols are the most difficult to dehydrate. Dehydration of ethanol, for 
example, requires concentrated sulfuric acid and a temperature of 180?C: 
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H H H H 
| | concd H,SO, N 
H—C—C ге C=C + но 
| 80 / X 
H OH H H 
Ethanol 


(a 1? alcohol) 


(b) Secondary alcohols usually dehydrate under milder conditions. Cyclohexanol, 
for example, dehydrates in 85% phosphoric acid at 165-170?C: 


OH 
8596 H,PO, 
Cy 165-170°C g + HO 


Cyclohexanol Cyclohexene 
(80%) 
(c) Tertiary alcohols are usually so easily dehydrated that extremely mild conditions 
can be used. tert-Butyl alcohol, for example, dehydrates in 20% aqueous sulfu- 
ric acid at a temperature of 85°C: 


P P 
CH,-C—OH 2929259. UC. +H,0 
| CH; CH, 

CH, 
tert-Butyl 2-Methylpropene 
alcohol (8496) 


Thus, overall, the relative ease with which alcohols undergo dehydration is in the 
following order: 


Helpful Hint R 


| | | 
Be able to classify any alcohol as 
1°, 2°, or 3°, and thereby compare R—C—OH > R—C—OH > R—C—OH 
its relative ease of dehydration. n | | 
3° Alcohol 2° Alcohol 1° Alcohol 


This behavior, as we shall see in Section 7.7B, is related to the relative stabilities 
of carbocations. 


2. Some primary and secondary alcohols also undergo rearrangements of their car- 


bon skeletons during dehydration. Such a rearrangement occurs in the dehydration 
of 3,3-dimethyl-2-butanol: 


CH, H4C CH, Н.С CH, 
cH,—¢-—cH—cH, 39690, | + Nc duc 
3 | 3 80°C / a X # 3 
CH, OH НС CH, НС 
3,3-Dimethyl-2-butanol 2,3-Dimethyl-2-butene 2,3-Dimethyl-1-butene 
(80%) (20%) 
Notice that the carbon skeleton of the reactant is 
C C B 
| | К Я: 
C—C—C—C while that of the products is P iei 
| C C 


We shall see in Section 7.8 that this reaction involves the migration of a methyl 
group from one carbon to the next so as to form a more stable carbocation. 
(Rearrangements to carbocations of approximately equal energy may also be pos- 
sible with some substrates.) 


7.7 Acid-Catalyzed Dehydration of Alcohols 


7.7A Mechanism for Dehydration of Secondary and Tertiary 
Alcohols: An E1 Reaction 


Explanations for these observations can be based on a stepwise mechanism originally pro- 
posed by F. Whitmore (of Pennsylvania State University). 
The mechanism is an E1 reaction in which the substrate is a protonated alcohol. 
Consider the dehydration of tert-butyl alcohol as an example: 
CH, P = H CH, H 
| e | е 
Step 1 CH,—C—0O—H + н—0: == 2 ок об. + "A 


| | 
CH, H CH, H 


Protonated alcohol 


In this step, an acid—base reaction, a proton is rapidly transferred from the acid to one of 
the unshared electron pairs of the alcohol. In dilute sulfuric acid the acid is a hydronium 
ion; in concentrated sulfuric acid the initial proton donor is sulfuric acid itself. This step is 
characteristic of all reactions of an alcohol with a strong acid. 

The presence of the positive charge on the oxygen of the protonated alcohol weakens 
all bonds to oxygen, including the carbon-oxygen bond, and in step 2 the carbon-oxygen 
bond breaks. The leaving group is a molecule of water: 


CH,H CH, H 
|. | | 

Step 2 CH,4—C--O--H == wo +  :0—H 
|“ CH; CH; 7 
CH, A carbocation 


The carbon-oxygen bond breaks heterolytically. The bonding electrons depart with the 
water molecule and leave behind a carbocation. The carbocation is, of course, highly reac- 
tive because the central carbon atom has only six electrons in its valence level, not eight. 

Finally, in step 3, a water molecule removes a proton from the B carbon of the carbo- 
cation by the process shown below. The result is the formation of a hydronium ion and an 
alkene: 


| 
H—C—H H CH, H 
|^ | || i 
Step 3 206. + `OH == "ow + H—Ọ+H 
CH; “сн, CH; “ен, 


2-Methylpropene 


In step 3, also an acid-base reaction, any one of the nine protons available at the three 
methyl groups can be transferred to a molecule of water. The electron pair left behind when 
a proton is removed becomes the second bond of the double bond of the alkene. Notice 
that this step restores an octet of electrons to the central carbon atom. An orbital repre- 
sentation of this process, with the transition state, is as follows. 


H t 
H l 
| 9*0—H 
W- ^ LAE Ф 
H pg 
НЗС, sd С ec НзС, hA cit---c. НзС, ns, C C 


Transition state for removal of a 
proton from the b carbon of the 
carbocation 
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Review Problem 7.12 


Forming the transition state 
for the 3? carbocation has the 
lowest energy of activation 
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Dehydration of 2-propanol occurs in 14M H2SO, at 100°C. (a) Using curved arrows, write 
all steps in a mechanism for the dehydration. (b) Explain the essential role performed in 
alcohol dehydrations by the acid catalyst. [Hint: Consider what would have to happen if 
no acid were present.] 


7.7B Carbocation Stability and the Transition State 


We saw in Section 6.11B that the order of stability of carbocations is tertiary > secondary 
> primary > methyl: 


а А 7 А 
R—C* > R—C* > R—Ct > H—Ct 
\ | N N 
R R H H 
3? > 2° > 1° > Methyl 
(most stable) (least stable) 


In the dehydration of secondary and tertiary alcohols the slowest step is formation of 
the carbocation as shown in step 2 of the “A Mechanism for the Reaction” box in this sec- 
tion. The first and third steps involve simple acid-base proton transfers, which occur very 
rapidly. The second step involves loss of the protonated hydroxyl as a leaving group, a highly 
endergonic process (Section 6.7), and hence it is the rate-determining step. 

Because step 2 is the rate-determining step, it is this step that determines the overall reac- 
tivity of alcohols toward dehydration. With that in mind, we can now understand why ter- 
tiary alcohols are the most easily dehydrated. The formation of a tertiary carbocation is easiest 
because the free energy of activation for step 2 of a reaction leading to a tertiary carboca- 
tion is lowest (see Fig. 7.7). Secondary alcohols are not so easily dehydrated because the 
free energy of activation for their dehydration is higher—a secondary carbocation is less sta- 
ble. The free energy of activation for dehydration of primary alcohols via a carbocation is 
so high that they undergo dehydration by another mechanism (Section 7.7C). 


+ 
H 
54+] ô+ 
R—C---OH, 
, H 
/ 
R—C* + Но 
x 
H 
H 
AG# (1°) 


29 
AG# (3°) « AG# (2°) << AG# (1°) 


1° 


Figure 7.7 Free-energy diagrams for the formation of carbocations from protonated tertiary, 
secondary, and primary alcohols. The relative free energies of activation are tertiary < secondary 
<< primary. 
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7.7 Acid-Catalyzed Dehydration of Alcohols 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Dehydration of Secondary or Tertiary Alcohols: An E1 Reaction 


H R H 
Step 1 E ak + H-—-A TE ieee oA 
5 EE 5 
ub ДАЎ H R’ 
2° or 3° Alcohol Acid catalyst Protonated alcohol Conjugate 
(R' may be H) (typically sulfuric or base 
phosphoric acid) 


The alcohol accepts a proton from the acid in a fast step. 


mit m. 1 
d 
Step 2 Oa Od cm ccc Xo 
| I (rate determining) | E 


The protonated alcohol loses a molecule of water to become a carbocation. 
This step is slow and rate determining. 


R R 
| N А 
Step 3 —C—Ct + А“ = == (0 zs H—A 
| N fast 2 БЕТ 
н. А R 
Alkene 


The carbocation loses a proton to a base. In this step, the base may be another 
molecule of the alcohol, water, or the conjugate base of the acid. The proton transfer 
results in the formation of the alkene. Note that the overall role of the acid 

is catalytic (it is used in the reaction and regenerated). 


The reactions by which carbocations are formed from protonated alcohols are all highly 
endergonic. Based on the Hammond-Leffler postulate (Section 6.13A), there should be a 
strong resemblance between the transition state and the carbocation in each case. 


© The transition state that leads to the tertiary carbocation is lowest in free energy 
because it resembles the carbocation that is lowest in energy. 


By contrast, the transition state that leads to the primary carbocation occurs at highest free 
energy because it resembles the carbocation that is highest in energy. In each instance, more- 
over, the same factor stabilizes the transition state that stabilizes the carbocation itself: delo- 
calization of the charge. We can understand this if we examine the process by which the 
transition state is formed: 


| i | i t | 
А 
осени о е 
| | \ 
Protonated alcohol Transition state Carbocation 


The oxygen atom of the protonated alcohol bears a full positive charge. As the tran- 
sition state develops, this oxygen atom begins to separate from the carbon atom to which 
it is attached. The carbon atom begins to develop a partial positive charge because it is 
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Review Problem 7.13 
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losing the electrons that bonded it to the oxygen atom. This developing positive charge 
is most effectively delocalized in the transition state leading to a tertiary carbocation 
because three alkyl groups are present to contribute electron density by hyperconju- 
gation (Section 6.11B) to the developing carbocation. The positive charge is less effec- 
tively delocalized in the transition state leading to a secondary carbocation (two 
electron-releasing groups) and is least effectively delocalized in the transition state lead- 
ing to a primary carbocation (one electron-releasing group). For this reason the dehy- 
dration of a primary alcohol proceeds through a different mechanism—an E2 mechanism. 


ô+ ô+ 
ANA Let Lee | 
ô+ 84 
+ R»C'----0—H RC --Ó—H R—C'-0—H 
1 5+ | 5+ | 5+ 
R 
ô+ 
Transition state leading Transition state leading Transition state leading 
to 3° carbocation to 2° carbocation to 1° carbocation 
(most stable) (least stable) 


Rank the following alcohols in order of increasing ease of acid-catalyzed dehydration. 


OH 
Е CX, 
OH 


(a) (b) (c) 


7.7C A Mechanism for Dehydration of Primary Alcohols: 
An E2 Reaction 


Dehydration of primary alcohols apparently proceeds through an E2 mechanism because 
the primary carbocation required for dehydration by an E1 mechanism is relatively unsta- 
ble. The first step in dehydration of a primary alcohol is protonation, just as in the E1 mech- 
anism. Then, with the protonated hydroxyl as a good leaving group, a Lewis base in the 
reaction mixture removes a (8 hydrogen simultaneously with formation of the alkene dou- 
ble bond and departure of the protonated hydroxyl group (water). 


A MECHANISM FOR THE REACTION 


Dehydration of a Primary Alcohol: An E2 Reaction 


H H H 
| | a e fast | | | т 
mmm + H-—A === m mcs ap А“ 
н н H H 
Primary Acid catalyst Protonated Conjugate 
alcohol (typically sulfuric or alcohol base 


phosphoric acid) 


The alcohol accepts a proton from the acid in a fast step. 
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7.8 Carbocation Stability and the Occurrence of Molecular Rearrangements 


m А 1 
slow Dx 2 
В =C CE 5 = ar = ыр (0 ЕЕ 
А E T T P H (rate determining) E EN НСА os 
H H H 
Alkene 


A base removes a hydrogen from the 8 carbon as the double bond 
forms and the protonated hydroxyl group departs. (The base may be 
another molecule of the alcohol or the conjugate base of the acid.) 


7.8 Carbocation Stability and the Occurrence 
of Molecular Rearrangements 


With an understanding of carbocation stability and its effect on transition states, we can 
now proceed to explain the rearrangements of carbon skeletons that occur in some alcohol 
dehydrations. 


7.8A Rearrangements during Dehydration of Secondary 
Alcohols 


Consider again the rearrangement that occurs when 3,3-dimethyl-2-butanol is dehydrated: 


qh Ма. ps нс CH, 
85% H,PO 
a a АС. a aid TR + yo Ss 
CH, OH H,C CH, H,C 
3,3-Dimethyl-2-butanol 2,3-Dimethyl-2-butene 2,3-Dimethyl-1-butene 
(major product) (minor product) 


The first step of this dehydration is the formation of the protonated alcohol in the usual way: 


Step 1 


ria | us 
CH,—C——CH—CH, + p == а ои ње + но: 
CH, о-н H CH, :ОН, 


Protonated alcohol 


In the second step the protonated alcohol loses water and a secondary carbocation forms: 


Step 2 
n а 
Е t dons === Кале: с + HÖ: 
CH, :ОН, CH, 


A 2° carbocation 


Now the rearrangement occurs. The less stable, secondary carbocation rearranges to a 
more stable tertiary carbocation: 


Step 3 
CH, CH, t H,C CH, 
ne^ él Xe Ne | 
NÉ A — m ME HCH, — C—CHCH, 
+ 
CH, CH, H,C 
2° Carbocation Transition state 3° Carbocation 


(less stable) (more stable) 
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Helpful Hint 


Alcohol dehydration follows 
Zaitsev's rule. 
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The rearrangement occurs through the migration of an alkyl group (methyl) from the carbon 
atom adjacent to the one with the positive charge. The methyl group migrates with its pair of 
electrons, that is, as a methyl anion, ~: CH; (called a methanide ion). After the migration is 
complete, the carbon atom that the methyl anion left has become a carbocation, and the posi- 
tive charge on the carbon atom to which it migrated has been neutralized. Because a group 
migrates from one carbon to the next, this kind of rearrangement is often called a 1,2 shift. 

In the transition state the shifting methyl is partially bonded to both carbon atoms by 
the pair of electrons with which it migrates. It never leaves the carbon skeleton. 

The final step of the reaction is the removal of a proton from the new carbocation (by a 
Lewis base in the reaction mixture) and the formation of an alkene. This step, however, can 
occur in two ways: 


Step 4 
H,C 
a bue Less stable 
alkene 
yor (b) : / | 
HC CH, 
+ (minor product) 
H “CHS CH 
"T "à MS 
3 3 HG f" 
(b) = More stable 
= C=C 
alkene 
H,C CH, 


(major product) 


The more favored product is dictated by the stability of the alkene being formed. The con- 
ditions for the reaction (heat and acid) allow equilibrium to be achieved between the two 
forms of the alkene, and the more stable alkene is the major product because it has lower 
potential energy. Such a reaction is said to be under equilibrium or thermodynamic con- 
trol. Path (b) leads to the highly stable tetrasubstituted alkene and this is the path followed 
by most of the carbocations. Path (a), on the other hand, leads to a less stable, disubstituted 
alkene, and because its potential energy is higher, it is the minor product of the reaction. 


ө Formation of the more stable alkene is the general rule in acid-catalyzed 
dehydration of alcohols (Zaitsev's rule). 


Studies of many reactions involving carbocations show that rearrangements like those 
just described are general phenomena. They occur almost invariably when the migration 
of an alkanide ion or hydride ion can lead to a more stable carbocation. 'The following 
are examples: 


I3 1 
TON i * 
CH, ў CH—CH, та аа 
CH, CH, 
2° Carbocation 3° Carbocation 
| ње, | 
cho “Gaon, de. 6 CH— CH, 
migration / 
CH, H,C 


2? Carbocation 3? Carbocation 


We shall see biological examples of methanide and hydride migrations in “The Chemistry 
of . . . Cholesterol Biosynthesis” (Chapter 8). 


305 


7.8 Carbocation Stability and the Occurrence of Molecular Rearrangements 


Rearrangements of carbocations can also lead to a change in ring size, as the following 
example shows: 


OH 


| " 
CH, CH— CH CH, CH— CH 
3 3 


C^ а СР 
(-H,0) 


2? Carbocation 


CH, CHCH, 40H, CH, 
6 E [ | —HA [ || 
+ = — —— 
CH, CH, 


3? Carbocation H 


This process is especially favorable if a relief in ring strain occurs. 

It is important to note that rearrangements to carbocations having approximately equal 
energy are also possible (e.g., from one secondary carbocation to another), and this can com- 
plicate the mixture of products that might be obtained from a reaction. 


Solved Problem 7.6 


Explain why the major product of the dehydration above is 1,2-dimethylcyclohexene (as shown) and not 


2,3-dimethyl-1-cyclohexene. 


1,2-Dimethylcyclohexene 2,3-Dimethyl-1-cyclohexene 
(major product) (minor product) 
STRATEGY AND ANSWER We have just learned that dehydration leads mainly to the more stable alkene (when 
two are possible). We also know that the stability of an alkene is related to the number of alkyl groups that are 
attached to the carbons of the double bond. 1,2-Dimethylcyclohexene has a tetrasubstituted double bond (and is 
more stable), while in 2,3-dimethylcyclohexene the double bond is only trisubstituted. 


Acid-catalyzed dehydration of neopentyl alcohol, (CH3)3CCH2OH, yields 2-methyl-2- Review Problem 7.14 
butene as the major product. Outline a mechanism showing all steps in its formation. 


Acid-catalyzed dehydration of either 2-methyl-1-butanol or 3-methyl-1-butanol gives 2- Review Problem 7.15 
methyl-2-butene as the major product. Write plausible mechanisms that explain these results. 


When the compound called isoborneol is heated with 9M sulfuric acid, the product of the Review Problem 7.16 
reaction is the compound called camphene and not bornylene, as one might expect. Using 
models to assist you, write a step-by-step mechanism showing how camphene is formed. 


HO H,O* CH, 
—— 


heat 


Isoborneol Camphene Bornylene 
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7.88 Rearrangement after Dehydration of a Primary 
Alcohol 


Rearrangements also accompany the dehydration of primary alcohols. Since a primary car- 
bocation is unlikely to be formed during dehydration of a primary alcohol, the alkene that 
is produced initially from a primary alcohol arises by an E2 mechanism, as described in 
Section 7.7C. However, an alkene can accept a proton to generate a carbocation in a process 
that is essentially the reverse of the deprotonation step in the E1 mechanism for dehydra- 
tion of an alcohol (Section 7.7A). When a terminal alkene does this by using its 7r electrons 
to bond a proton at the terminal carbon, a carbocation forms at the second carbon of the 
chain.* This carbocation, since it is internal to the chain, will be secondary or tertiary, 
depending on the specific substrate. Various processes that you have already learned can 
now occur from this carbocation: (1) a different В hydrogen may be removed, leading to a 
more stable alkene than the initially formed terminal alkene; (2) a hydride or alkanide 
rearrangement may occur leading to a yet more stable carbocation (e.g., moving from a 2° 
to a 3° carbocation) or to a carbocation of approximately equal stability, after which the 
elimination may be completed; or (3) a nucleophile may attack any of these carbocations 
to form a substitution product. Under the high-temperature conditions for alcohol dehy- 
dration the principal products will be alkenes rather than substitution products. 


A MECHANISM FOR THE REACTION 


R 
R H H Dee H H 
ПОТИ ANa | 
OOTO x A === n C=C + :O—H + H—A 
ЭЛЕ Е2 R NH Е 
H R H 
Primary alcohol Initial alkene 


(R may be H) 


The primary alcohol initially undergoes acid-catalyzed dehydration by an 
E2 mechanism (Section 7.7C). 


SH Ti 
PNE ai PN | 
HN CC н-д == + A- 


= _ j 
в“ ОЗА protonation R | 


The z electrons of the initial alkene can then be used to form a bond with a 
proton at the terminal carbon, forming a secondary or tertiary carbocation.* 


*The carbocation could also form directly from the primary alcohol by a hydride shift from its 8 carbon to the 
terminal carbon as the protonated hydroxyl group departs: 


| 
H H R 
VE CPI se | H 
hm AM. | + HO 
HL а | ^C—C—H 
nn ЈЕ 
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7.9 The Acidity of Terminal Alkynes 


R " 
X | E 
СОИ Ра n | И + H—A 
74 | deprotonation / 
R H R н 
Final alkene 


A different 8 hydrogen can be removed from the carbocation, so as to 

form a more highly substituted alkene than the initial alkene. This 
deprotonation step is the same as the usual completion of an E1 elimination. 
(This carbocation could experience other fates, such as further rearrangement 
before elimination or substitution by an 5,1 process.) 


7.9 The Acidity of Terminal Alkynes 


The hydrogen bonded to the carbon of a terminal alkyne, called an acetylenic hydrogen 
atom, is considerably more acidic than those bonded to carbons of an alkene or alkane (see 
Section 3.8A). The pK, values for ethyne, ethene, and ethane illustrate this point: 


H H HoH 
H—C=C—H b d H n : H 
v ж х | | 
H a H H 
pK, = 25 pK, = 44 pK, = 50 


The order of basicity of their anions is opposite that of their relative acidity: 
Relative Basicity 
CH3CH,:~ > CH,—CH:^ > HC=C:~ 


If we include in our comparison hydrogen compounds of other first-row elements of the 
periodic table, we can write the following orders of relative acidities and basicities: 


Relative Acidity 
H—OH > H—OR > H—C=CR > H—NH, > H—CH=CH, > H—CH,CH;, 
pK, 15.7 16-17 25 38 44 50 


Relative Basicity 
-:ӦН < ÖR < -:С==СА < -:МН, < ~:CH=CH, < ~:CHCH, 


We see from the order just given that while terminal alkynes are more acidic than ammo- 
nia, they are less acidic than alcohols and are less acidic than water. 


Solved Problem 7.7 


As we shall soon see, sodium amide (NaNHp) is useful, especially when a reaction requires a very strong base. 
Explain why a solvent such as methanol cannot be used to carry out a reaction in which you might want to use 
sodium amide as a base. 


STRATEGY AND ANSWER An alcohol has pK, — 16-17, and ammonia has pK, — 38. This means that methanol 
is a significantly stronger acid than ammonia, and the conjugate base of ammonia (the МН» ion) is a significantly 
stronger base than an alkoxide ion. Therefore, the following acid-base reaction would take place as soon as the 
sodium amide dissolves in the methanol. 

(continues on next page) 
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CHOH + Мамн, CHIOH CHON; + МН; 
Stronger Stronger $ Weaker Weaker 
acid base base acid 


With a pK, difference this large, the methanol would convert all of the sodium amide to sodium methoxide, a much 
weaker base than sodium amide. (This is an example of what is called the leveling effect of a solvent.) 


Review Problem 7.17 


Predict the products of the following acid-base reactions. If the equilibrium would not result 
in the formation of appreciable amounts of products, you should so indicate. In each case 
label the stronger acid, the stronger base, the weaker acid, and the weaker base: 

(a) CH3CH—CHe + мамн; —> (d) CH;C=C:~ + СЊСЊОН — 

(b) Снас==сн + мамн; —> (е) CH,C=C:~ + NH4CI — 

(c) CH3CH2CH3 + Мамн —> 


7.10 Synthesis of Alkynes by Elimination Reactions 


X X 
A vic-dihalide 


RCH=CHR + Br, > R—C—C—H —— 


@ Alkynes can be synthesized from alkenes via compounds called vicinal dihalides. 


A vicinal dihalide (abbreviated vic-dihalide) is a compound bearing the halogens on adja- 
cent carbons (vicinus, Latin: adjacent). A vicinal dibromide, for example, can be synthe- 
sized by addition of bromine to an alkene (Section 8.1). The vic-dibromide can then be 
subjected to a double dehydrohalogenation reaction with a strong base to yield an alkyne. 


R—C=C—R + 2NH, + 2NaBr 


A vic-dibromide 


The dehydrohalogenations occur in two steps, the first yielding a bromoalkene, and the sec- 
ond, the alkyne. 


7.10A Laboratory Application of This Alkyne Synthesis 


The two dehydrohalogenations may be carried out as separate reactions, or they may be 
carried out consecutively in a single mixture. Sodium amide (Мамн;), a very strong base, 
can be used to cause both reactions in a single mixture. At least two molar equivalents of 
sodium amide per mole of the dihalide must be used. For example (see below) adding 
bromine to 1,2-diphenylethene provides the starting material for a synthesis of 1,2- 
diphenylethyne. 


H C,H B E - 
N fr? > IN | МаН, 
C=C 2. C H,—C--C—C,H, ===> 
/ \ Qol; | 4 
C,H, H Br “Br 
1,2-Diphenylethene 
C,H И 
ОЗЕ а Na* NH, 
cc — 08, C,H.—C=C—C,H, 
A N 
Br CH; 1,2-Diphenylethyne 


7.10 Synthesis of Alkynes by Elimination Reactions 


A MECHANISM FOR THE REACTION 


REACTION 
| | 
а зе Ма“ ===> RCSA sr МА ar 21" 
Вг Вг 
MECHANISM 
H H 
R H 
ut S] е P " TM 
Step 1 == 8 35 |Аенб=-бе==ја] | => C=C. + H—N—H + :Вг: 
| Љђ ‘Br ^n | 
:Вг: ‘Br: tae H 
Amideion vic-Dibromide Bromoalkene Ammonia Bromide 
The strongly basic amide ion lon 
brings about an E2 reaction. 
R H 
N X 2x - fum 
Step 2 Br + | = == C—O H NEH + Br: 
Br. R H H 
Bromoalkene Amide ion Alkyne Ammonia Bromide 
A second E2 reaction ion 


produces the alkyne. 


If the product is to be an alkyne with a triple bond at the end of the chain (a terminal 
alkyne) as we show in the example below, then three molar equivalents of sodium amide 
are required. Initial dehydrohalogenation of the vic-dihalide produces a mixture of two 
bromoalkenes which are not isolated but which undergo a second dehydrohalogenation. 
The terminal alkyne that results from this step is deprotonated (because of its acidity) by 
the third mole of sodium amide (see Section 7.9). To complete the process, addition of 
ammonium chloride converts the sodium alkynide to the desired product, 1-butyne. 


B NB 
r 
= + 
NH3 Br 


s 


Result of the first 
dehydrohalogenation 
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— ==" — a + Мз 


Result of The initial alkyne 
the second is deprotonated by the 
dehydrohalogenation third equivalent of base. 
NH,Cl \ 
——> = =—H + NH, + Мас! 
1-Butyne 


| • Geminal dihalides can also be converted to alkynes by dehydrohalogenation. 


| | 
= C—C—C— A geminal dihalide (abbreviated gem-dihalide) has two halogen atoms bonded to the same 
| Jo carbon (geminus, Latin: twins). Ketones can be converted to gem-dichlorides by reaction with 


^ phosphorus pentachloride, and the gem-dichlorides can be used to synthesize alkynes. 
A gem-dihalide 


T T CH 
22 
Gk. C—CH, (1) 3 equiv. G^ 
CH, PCI, | мамн,, 
»С с mineral oil, 
(= POCL) heat 
(2) HA 
Cyclohexyl methyl A gem-dichloride Cyclohexylacetylene 
ketone (70-80%) (46%) 
Review Problem 7.18 Show how you might synthesize ethynylbenzene from methyl phenyl ketone. 
Review Problem 7.19 Outline all steps in a synthesis of propyne from each of the following: 
(a) CH3COCH3 (c) CH3CHBrCH2Br 
(b) CH3CH2CHBro (d) CH3CH—CH»2 


7.11 Substitution of the Acetylenic Hydrogen Atom of Terminal Alkynes 


Sodium ethynide and other sodium alkynides can be prepared by treating terminal alkynes 
with sodium amide in liquid ammonia: 


H—C==C—H + NaNH, ——— H—C-C:-Na* + NH, 


liq. NHg 


CH3;C==C—H + Мам =н? CH,C==C:~Na* + NH; 
These аге acid—base reactions. The amide ion, by virtue of its being the anion of a very 
weak acid, ammonia (pK, = 38), is able to remove the acetylenic protons of terminal 


alkynes (pK, = 25). These reactions, for all practical purposes, go to completion. 
@ Sodium alkynides are useful intermediates for the synthesis of other alkynes. 
These syntheses can be accomplished by treating the sodium alkynide with a primary alkyl 


halide: 


И" 

R—CzC: Ма“ + Pon, Lbr —> R—C=C—CH,R’ + NaBr 
Sodium Primary Mono- or disubstituted 
alkynide alkyl halide acetylene 


(R or R' or both may be hydrogen.) 
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7.11 Replacement of the Acetylenic Hydrogen Atom of Terminal Alkynes 


The following example illustrates this synthesis of higher alkyne homologues: 


ee . 
CH,CH,C—C£ Nat + cnn, 3, TN. CH,CH,C=CCH,CH, + NaBr 
3-Hexyne 


(75%) 


@ The alkynide ion acts as a nucleophile and displaces a halide ion from the primary 
alkyl halide. We now recognize this as ап Sy2 reaction (Section 6.5): 


R’ 
er ili 
Rc=ch “ов: осеорте, noo cup + NaBr 
4" 5 substitution 
Na* ня 5,2 
Sodium 1° Alkyl 
alkynide halide 


The unshared electron pair of the alkynide ion attacks the back side of the carbon atom that 
bears the halogen atom and forms a bond to it. The halogen atom departs as a halide ion. 


@ This synthesis fails when secondary or tertiary halides are used because the 
alkynide ion acts as a base rather than as a nucleophile, and the major result is an 
E2 elimination (Section 6.16). 


The products of the elimination are an alkene and the alkyne from which the sodium 
alkynide was originally formed: 


LN 
н—се 


poset Ag В -go RC=CH + R'CH—CHR' + Br 


H R" 
2° Alkyl 
halide 


Solved Problem 7.8 


Outline a synthesis of 4-phenyl-2-butyne from 1-propyne. 


А а = H — iac 
С6Н5 
1-Ргорупе 4-Рћепу!-2-бшупе 


STRATEGY AND ANSWER Take advantage of the acidity of the acetylenic hydrogen of ргорупе and convert it to 
an alkynide anion using sodium amide, a base that is strong enough to remove the acetylenic hydrogen. Then use 
the akynide ion as a nucleophile in an Sy2 reaction with benzyl bromide. 


NaNH - CgH5CH;B 
Ine — H - а oN {CSS : Na OESE ни 
liq. МНа 
1-Propyne Alkynide ion Benzyl bromide 


P MERE + NaBr 
СеН5 
4-Phenyl-2-butyne 
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Review Problem 7.20 
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Your goal is to synthesize 4,4-dimethyl-2-pentyne. You have a choice of beginning with 
any of the following reagents: 


[i ik 
CH,C=CH m Go M CH, 
CH, CH, 


Assume that you also have available sodium amide and liquid ammonia. Outline the best 
synthesis of the required compound. 


7.12 Alkylation of Alkynide Anions: Some General Principles 
of Structure and Reactivity Illustrated 


Helpful Hint 


You should pay attention to the 
bookkeeping of valence electrons 
and formal charges in the reaction 

shown in Fig. 7.8, just as with every 
other reaction you study in organic 


chemistry. 


The alkylation of alkynide anions has illustrated several essential aspects of structure and 
reactivity that we have just discussed. First, preparation of the alkynide anion involves sim- 
ple Brgnsted—Lowry acid-base chemistry. As you have seen (Sections 7.9 and 7.11), the 
hydrogen of a terminal alkyne is weakly acidic (pK, = 25), and with a strong base such as 
sodium amide it can be removed. The reason for this acidity was explained in Section 3.8A. 
Once formed, the alkynide anion is a Lewis base (Section 3.3) with which the alkyl halide 
reacts as an electron pair acceptor (a Lewis acid). The alkynide anion can thus be called a 
nucleophile (Sections 3.4 and 6.3) because of the negative charge concentrated at its ter- 
minal carbon—it is a reagent that seeks positive charge. Conversely, the alkyl halide can 
be called an electrophile (Sections 3.4 and 8.1) because of the partial positive charge at the 
carbon bearing the halogen—it is a reagent that seeks negative charge. Polarity in the alkyl 
halide is the direct result of the difference in electronegativity between the halogen atom 
and carbon atom. 

The electrostatic potential maps for ethynide (acetylide) anion and chloromethane in 
Fig. 7.8 illustrate the complementary nucleophilic and electrophilic character of a typi- 
cal alkynide anion and alkyl halide. The ethynide anion has strong localization of nega- 
tive charge at its terminal carbon, indicated by red in the electrostatic potential map. 
Conversely, chloromethane has partial positive charge at the carbon bonded to the elec- 
tronegative chlorine atom. (The dipole moment for chloromethane is aligned directly 
along the carbon-chlorine bond.) Thus, acting as a Lewis base, the alkynide anion is 
attracted to the partially positive carbon of the alkyl halide. Assuming a collision between 
the two occurs with the proper orientation and sufficient kinetic energy, as the alkynide 
anion brings two electrons to the alkyl halide to form a new bond, it will displace the 
halogen from the alkyl halide. The halogen leaves as an anion with the pair of electrons 
that formerly bonded it to the carbon. This is an 52 reaction, of course, akin to others 
we discussed fully in Chapter 6. 


p.m - 
+ H,C— Cl: ————— H—C=C—CH, + ној 


Figure 7.8 The reaction of ethynide (acetylide) anion and chloromethane. Electrostatic potential 
maps illustrate the complementary nucleophilic and electrophilic character of the alkynide anion 
and the alkyl halide. The dipole moment of chloromethane is shown by the red arrow. 


7.13 Hydrogenation of Alkenes 
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7.13 Hydrogenation of Alkenes 


Alkenes react with hydrogen in the presence of a variety of metal catalysts to add one hydro- 
gen atom to each carbon atom of the double bond (Sections 4.16A, 5.10A). Hydrogenation 
reactions that involve finely divided insoluble platinum, palladium, or nickel catalysts 
(Section 4.16A) are said to proceed by heterogeneous catalysis because the substrate is 
soluble in the reaction mixture but the catalyst is not. Hydrogenation reactions where the 
catalyst is soluble in the reaction mixture involve homogeneous catalysis. Typical homo- 
geneous hydrogenation catalysts include rhodium and ruthenium complexes that bear var- 
ious phosphorus and other ligands. One of the most well-known homogeneous 
hydrogenation catalysts is Wilkinson's catalyst, tris(triphenylphosphine)rhodium chloride, 
Rh[(CgHs)3P]3Cl. The following are some examples of hydrogenation reactions under het- 


erogeneous and homogeneous catalysis: 


Ni, Pd, 
—— 
or Pt 
25°C 
Ni, Pd, 
——5 
or Pt 
25°C 
Rh[(CeHs)aP]sCl 


CH,=CH, + H, 


CH,CH=CH, + H, 


CH,CH,CH,CH,CH— CH, + Н, 


CH,—CH, 


Helpful Hint 


These are all addition reactions. 


CH,CH,—CH, 


CH4CH,CH,CH,CH;CH; 


The type of reaction that takes place in these examples is an addition reaction. The prod- 
uct that results from the addition of hydrogen to an alkene is an alkane. Alkanes have only 


The food industry makes use of catalytic hydrogenation to 
convert liquid vegetable oils to semisolid fats in making mar- 
garine and solid cooking fats. Examine the labels of many 
prepared foods and you will find that they contain "partially 
hydrogenated vegetable oils." There are several reasons 
why foods contain these oils, but one is that partially hydro- 
genated vegetable oils have a longer shelf life. 

Fats and oils (Section 23.2) are glyceryl esters of car- 
boxylic acids with long carbon chains, called "fatty acids." 
Fatty acids are saturated (no double bonds), monounsatu- 
rated (one double bond), or polyunsaturated (more than one 
double bond). Oils typically contain a higher proportion of 
fatty acids with one or 
more double bonds 
than fats do. 
Hydrogenation of an oil 
converts some of its 
double bonds to single 
bonds, and this conver- 
sion has the effect of 
producing a fat with the 
consistency of mar- 
garine or a semisolid 


A product used in baking that cooking fat. | 
contains oils and топо- and Our bodies are Inca- 
diacylglycerols that are partially pable | of | making 


hydrogenated. polyunsaturated fats, 


THE CHEMISTRY ОҒ... 


Hydrogenation in the Food Industry 


and therefore, such fats must be present in our diets in mod- 
erate amounts in order to maintain health. Saturated fats can 
be made in the cells of our body from other food sources, 
for example, from carbohydrates (i.e., from sugars and 
starches). For this reason saturated fats in our diet are not 
absolutely necessary and, indeed, too much saturated fat 
has been implicated in the development of cardiovascular 
disease. 

One potential problem that arises from using catalytic 
hydrogenation to produce partially hydrogenated vegetable 
oils is that the catalysts used for hydrogenation cause iso- 
merization of some of the double bonds of the fatty acids 
(some of those that do not absorb 
hydrogen). In most natural fats 
and oils, the double bonds of the 
fatty acids have the cis configura- 
tion. The catalysts used for hydro- 
genation convert some of these 
cis double bonds to the unnatural 
trans configuration. The health 
effects of trans fatty acids are still 
under study, but experiments thus 
far indicate that they cause an 
increase in serum levels of cho- 
lesterol and triacylglycerols, which 
in turn increases the risk of car- 


No (or zero%) trans fatty 
diovascular disease. acids. 
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single bonds and contain the maximum number of hydrogen atoms that a hydrocarbon can 
possess. For this reason, alkanes are said to be saturated compounds. Alkenes, because 
they contain a double bond and possess fewer than the maximum number of hydrogen 
atoms, are capable of adding hydrogen and are said to be unsaturated. The process of 
adding hydrogen to an alkene is sometimes described as being one of reduction. Most often, 
however, the term used to describe the addition of hydrogen is catalytic hydrogenation. 
Now let us see what the mechanism is for heterogeneous catalytic hydrogenation. (The 
mechanism of homogeneous catalysis is discussed in Special Topic H.) 


7.14 Hydrogenation: The Function of the Catalyst 


Figure 7.9 Free-energy diagram for the 
hydrogenation of an alkene in the presence of a 


Hydrogenation of an alkene is an exothermic reaction (AH? = —120 kJ тој“ |): 


R—CH—CH R н, hydrogenation » R CH, CH; R дЕ heat 


Although the process is exothermic, there is usually a high free energy of activation for 
uncatalyzed alkene hydrogenation, and therefore, the uncatalyzed reaction does not take 
place at room temperature. However, hydrogenation will take place readily at room tem- 
perature in the presence of a catalyst because the catalyst provides a new pathway for the 
reaction that involves lower free energy of activation (Fig. 7.9). 


No catalyst 
(hypothetical) 


Catalyst present 
(usually multistep) 


AH°~-120 kJ тог! 


catalyst and the hypothetical reaction in the 
absence of a catalyst. The free energy of activation AGt у АС: " 
for the uncatalyzed reaction (АС) is very much (0) e 


larger than the largest free energy of activation for 
the catalyzed reaction (AG) (the uncatalyzed 


Reaction coordinate 


hydrogenation reaction does not occur). 


Surface of 
metal catalyst 


+ Н, 
(excess) 


Ф 


Heterogeneous hydrogenation catalysts typically involve finely divided platinum, pal- 
ladium, nickel, or rhodium deposited on the surface of powdered carbon (charcoal). 
Hydrogen gas introduced into the atmosphere of the reaction vessel adsorbs to the metal 
by a chemical reaction where unpaired electrons on the surface of the metal pair with the 
electrons of hydrogen (Fig. 7.10a) and bind the hydrogen to the surface. The collision of 
an alkene with the surface bearing adsorbed hydrogen causes adsorption of the alkene as 


Є 
«© – 4 - > 


Figure 7.10 The mechanism for the hydrogenation of an alkene as catalyzed by finely divided 
platinum metal: (a) hydrogen adsorption; (b) adsorption of the alkene; (c, d) stepwise transfer of 
both hydrogen atoms to the same face of the alkene (syn addition). 


D / 
C —C 
/ ~ 


(b) 
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7.15 Hydrogenation of Alkynes 


well (Fig. 7.105). A stepwise transfer of hydrogen atoms takes place, and this produces an 
alkane before the organic molecule leaves the catalyst surface (Figs. 7.10c,d). As a 
consequence, both hydrogen atoms usually add from the same side of the molecule. This 
mode of addition is called a syn addition (Section 7.14A): 


me C=C Pt “c—_c* 
+ A 
H H 


H—H 


Catalytic hydrogenation is a syn addition. 


7.14A Syn and Anti Additions 


An addition that places the parts of the adding reagent on the same side (or face) of the 
reactant is called syn addition. We have just seen that the platinum-catalyzed addition of 
hydrogen (X = Y = H) is a syn addition: 


Hima, E a. БА А 
пес—<С= + ХҮ > ant ay 
X y | addition 


The opposite of a syn addition is an anti addition. An anti addition places the parts of 
the adding reagent on opposite faces of the reactant. 


В Y 
a. 7 [^n 

БСС + X—Y —  "^C—C, panti 
y V" | addition 


In Chapter 8 we shall study a number of important syn and anti additions. 


7.15 Hydrogenation of Alkynes 


Depending on the conditions and the catalyst employed, one or two molar equivalents of 
hydrogen will add to a carbon-carbon triple bond. When a platinum catalyst is used, the 
alkyne generally reacts with two molar equivalents of hydrogen to give an alkane: 


Pt, H РЕН 
CH,C=CCH, ——*> [CH,CH—CHCH,|] ——*> CH,CH,CH,CH, 
However, hydrogenation of an alkyne to an alkene can be accomplished through the use 
of special catalysts or reagents. Moreover, these special methods allow the preparation of 
either (£)- ог (Z)-alkenes from disubstituted alkynes. 


7.15A Syn Addition of Hydrogen: Synthesis of cis-Alkenes 


A heterogeneous catalyst that permits hydrogenation of an alkyne to an alkene is the nickel 
boride compound called P-2 catalyst. The P-2 catalyst can be prepared by the reduction of 
nickel acetate with sodium borohydride: 


i 
Ni\OCCHJ, 222, NIB 


P-2 
€ Hydrogenation of alkynes in the presence of P-2 catalyst causes syn addition of 
hydrogen. The alkene formed from an internal alkyne has the (Z) or cis configuration. 


The hydrogenation of 3-hexyne illustrates this method. The reaction takes place on the sur- 
face of the catalyst (Section 7.14), accounting for the syn addition: 
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Helpful Hint » — / H,/Ni,B (P-2) PE 
Syn addition of hydrogen to an (éyn анатом) 


alkyne: 3-Hexyne (Z)-3-Hexene 
(cis-3-hexene) 
(97%) 


Other specially conditioned catalysts can be used to prepare cis-alkenes from disubsti- 
tuted alkynes. Metallic palladium deposited on calcium carbonate can be used in this way 
after it has been conditioned with lead acetate and quinoline (an amine, see Section 20.1B). 
This special catalyst is known as Lindlar’s catalyst: 

H,, Pd/CaCO, R R 
(Lindlar's catalyst) N 


quinoline 
(syn addition) H H 


R—C=C—R 


7.15B Anti Addition of Hydrogen: Synthesis of trans-Alkenes 


е Anti addition of hydrogen to the triple bond of alkynes occurs when they are treated 
with lithium or sodium metal in ammonia or ethylamine at low temperatures. 


This reaction, called a dissolving metal reduction, takes place in solution and produces 
an (£)- or trans-alkene. The mechanism involves radicals, which are molecules that have 
unpaired electrons (see Chapter 10). 


Helpful Hint — .— === (1) Li, ENH, -78°C Р WU 
(2) NH,CI 


Anti addition of hydrogen to an 
alkyne. 
4-Octyne (anti addition) (E)-4-Octene 
(trans-4-octene) 
(52%) 


A MECHANISM FOR THE REACTION 


The Dissolving Metal Reduction of an Alkyne 


R = R H 
N D N Nut ~ VE 


А P 
lis 4B 060—8] — ra ea n 
R d R 
Radical anion Vinylic radical 
A lithium atom donates an The radical anion acts 
electron to the т bond of the as a base and removes 
alkyne. An electron pair shifts a proton from a molecule 
to one carbon as the hybridization of ethylamine. 


states change to sp?. 


RU P FA p A jn 
С=С Етте С=С EPIS C=C 
Vinylic radical trans-Vinylic anion trans-Alkene 

A second lithium The anion acts as 
atom donates an a base and removes 
electron to the a proton from a second 


vinylic radical. molecule of ethylamine. 
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The mechanism for this reduction, shown in the preceding box, involves successive elec- 
tron transfers from lithium (or sodium) atoms and proton transfers from amines (or ammo- 
nia). In the first step, a lithium atom transfers an electron to the alkyne to produce an 
intermediate that bears a negative charge and has an unpaired electron, called a radical 
anion. In the second step, an amine transfers a proton to produce a vinylic radical. Then, 
transfer of another electron gives a vinylic anion. It is this step that determines the 
stereochemistry of the reaction. The trans-vinylic anion is formed preferentially because 
it is more stable; the bulky alkyl groups are farther apart. Protonation of the trans-vinylic 
anion leads to the trans-alkene. 


Write the structure of compound A, used in this synthesis of the perfume ingredient (Z)- Review Problem 7.21 
jasmone. 
O 
М H,, Pd/CaCO, 
(Lindlar's catalyst) 
(Z)-Jasmone 
How would you convert 2-nonyne into (E)-2-nonene? Review Problem 7.22 


7.16 An Introduction to Organic Synthesis 


You have learned quite a few tools to this point that are useful for organic synthesis. Among 
them are nucleophilic substitution reactions, elimination reactions, and the hydrogenation 
reactions covered in Sections 7.13-7.15. Now we will consider the logic of organic syn- 
thesis and the important process of retrosynthetic analysis. Then we will apply nucleophilic 
substitution (in the specific case of alkylation of alkynide anions) and hydrogenation reac- 
tions to the synthesis of some simple target molecules. 


7.16A Why Do Organic Synthesis? 


Organic synthesis is the process of building organic molecules from simpler precursors. 
Syntheses of organic compounds are carried out for many reasons. Chemists who develop 
new drugs carry out organic syntheses in order to discover molecules with structural attrib- 
utes that enhance certain medicinal effects or reduce undesired side effects. Crixivan, whose 
structure is shown below, was designed by small-scale synthesis in a research laboratory 
and then quickly moved to large-scale synthesis after its approval as a drug. In other situ- 
ations, organic synthesis may be needed to test a hypothesis about a reaction mechanism 
or about how a certain organism metabolizes a compound. In cases like these we often will 
need to synthesize a particular compound “labeled” at a certain position (e.g., with deu- 
terium, tritium, or an isotope of carbon). 


-YH 
HN So 


| 
C(CH.,), 
Crixivan (an HIV protease inhibitor) 
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A very simple organic synthesis may involve only one chemical reaction. Others may 
require from several to 20 or more steps. A landmark example of organic synthesis is that 
of vitamin Ву», announced in 1972 by R. B. Woodward (Harvard) and A. Eschenmoser 
(Swiss Federal Institute of Technology). Their synthesis of vitamin B,» took 11 years, 
required more than 90 steps, and involved the work of nearly 100 people. We will work 
with much simpler examples, however. 


A carbon-cobalt 
а bond 


Vitamin B42 


An organic synthesis typically involves two types of transformations: reactions that con- 
vert functional groups from one to another and reactions that create new carbon-carbon 
bonds. You have studied examples of both types of reactions already—hydrogenation trans- 
forms the carbon-carbon double- or triple-bond functional groups in alkenes and alkynes 
to single bonds (actually removing a functional group in this case), and alkylation of 
alkynide anions forms carbon-carbon bonds. Ultimately, at the heart of organic synthesis 
is the orchestration of functional group interconversions and carbon-carbon bond-forming 
steps. Many methods are available to accomplish both of these things. 


7.16B Retrosynthetic Analysis—Planning an Organic 
Synthesis 


Sometimes it is possible to visualize from the start all the steps necessary to synthesize a 
desired (target) molecule from obvious precursors. Often, however, the sequence of trans- 
formations that would lead to the desired compound is too complex for us to "see" a path 
from the beginning to the end. In this case, since we know where we want to finish (the 
target molecule) but not where to start, we envision the sequence of steps that is required 
in a backward fashion, one step at a time. We begin by identifying immediate precursors 
that could react to make the target molecule. Once these have been chosen, they in turn 
become new intermediate target molecules, and we identify the next set of precursors that 
could react to form them, and so on, and so on. This process is repeated until we have 


7.16 An Introduction to Organic Synthesis 


worked backward to compounds that are sufficiently simple that they are readily available 
in a typical laboratory: 
Startng 


Target molecule ===> 1st precursor ===> 2nd precursor ===> ===> 
com pound 
@ The process we have just described is called retrosynthetic analysis. 


@ The open arrow used in the example above is a retrosynthetic arrow, a symbol 
that relates the target molecule to its most immediate precursors; it signifies a 
retro or backward step. 


Although organic chemists have used retrosynthetic analysis intuitively for many years, E. 
J. Corey originated the term retrosynthetic analysis and was the first person to state its prin- 
ciples formally. Once retrosynthetic analysis has been completed, to actually carry out the 
synthesis we conduct the sequence of reactions from the beginning, starting with the sim- 
plest precursors and working step by step until the target molecule is achieved. 


@ When doing retrosynthetic analysis it is necessary to generate as many possible 
precursors, and hence different synthetic routes, as possible. 


We evaluate all the possible advantages and disadvantages of each path and in so doing 
determine the most efficient route for synthesis. The prediction of which route is most 
feasible is usually based on specific restrictions or limitations of reactions in the sequence, 
the availability of materials, or other factors. We shall see an example of this in Section 
7.16C. In actuality more than one route may work well. In other cases it may be neces- 
sary to try several approaches in the laboratory in order to find the most efficient or suc- 
cessful route. 


= 2nd precursors a 
ist precursors A 


TuS ond precursors b 


= 2nd precursors c 
Target molecule => 151 precursors B 
Tu ond precursors d 


= 2nd precursors e 
1st precursors C 


SƏ ond precursors f 


7.16C Identifying Precursors 


In the case of functional groups we need to have a toolbox of reactions from which to choose 
those we know can convert one given functional group into another. You will develop such 
a toolbox of reactions as you proceed through your study of organic chemistry. Similarly, 
with regard to making carbon-carbon bonds in synthesis, you will develop a repertoire of 
reactions for that purpose. In order to choose the appropriate reaction for either purpose, 
you will inevitably consider basic principles of structure and reactivity. 

As we stated in Sections 3.3A and 7.12: 


@ Many organic reactions depend on the interaction of molecules that have comple- 
mentary full or partial charges. 


One very important aspect of retrosynthetic analysis is being able to identify those atoms 
in a target molecule that could have had complementary (opposite) charges in synthetic pre- 
cursors. Consider, for example, the synthesis of 1-cyclohexyl-1-butyne. On the basis of reac- 
tions learned in this chapter, you might envision an alkynide anion and an alkyl halide as 
precursors having complementary polarities that when allowed to react together would lead 
to this molecule: 
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Corey was awarded the 
Nobel Prize in Chemistry 
in 1990 for finding new 


ways of synthesizing organic 
compounds, which, in the words of 
the Nobel committee, “have 
contributed to the high standards 
of living and health enjoyed . . . in 
the Western world." 


Figure 7.11 Retrosynthetic analysis often 
discloses several routes from the target 
molecule back to varied precursors. 


» Heipful Hint 


Over time you will add to your 
toolbox reactions for two major 
categories of synthetic operations: 
carbon-carbon bond formation 
and functional group 
interconversion. 
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Retrosynthetic Analysis 


( y-emc-onen ===> (ome = => ( у-н 


The alkynide anion 

3 and alkyl halide have 
complementary 
polarities. 


ô- 6+ 
+ Br—CH,CH 


Synthesis 


Sometimes, however, it will not at first be obvious where the retrosynthetic bond dis- 
connections are in a target molecule that would lead to oppositely charged or complemen- 
tary precursors. The synthesis of an alkane would be such an example. An alkane does not 
contain carbon atoms that could directly have had opposite charges in precursor molecules. 
However, if one supposes that certain carbon-carbon single bonds in the alkane could have 
arisen by hydrogenation of a corresponding alkyne (a functional group interconversion), 
then, in turn, two atoms of the alkyne could have been joined from precursor molecules 
that had complementary charges (1.е., an alkynide anion and an alkyl halide). 

Consider the following retrosynthetic analysis for 2-methylhexane: 


Retrosynthetic Analysis 


(Ha Because of steric 
— | hindrance in the alkyl 
CH,C=C: 1 X—CH,CHCH, halide, this reaction will 
2 (1°, but branched at second carbon) give a poor yield. 


CH; 
CH,O=CCH,CHCH, 

EN CH, 

| CH,—X + -:C—CCH,CHCH, 


ie iib iie 
CH,CH,CH,CH,CHCH,| ===> HC=CCH,CH,CHCH, ===> HC=C: + X—CH,CH,CHCH, 
2-Methylhexane 


| 


ie 


ІА 


CH,CH,C=CCHCH, =» CH,CH,C=C:- + X—CHCH, 


\ 


(a 2° alkyl halide) 
CH, 
CH,CH,—X + ~:C=CCHCH, 


Because of steric 
hindrance in the alkyl 
halide, this reaction will 
give a poor yield. 


7.16 An Introduction to Organic Synthesis 
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As indicated in the retrosynthetic analysis above, we must bear in mind the limitations that 
exist for the reactions that would be applied in the synthetic (forward) direction. In the exam- 
ple above, two of the pathways have to be discarded because they involve the use of a 2? alkyl 
halide or a primary halide branched at the second (beta) carbon (Sections 6.13A, 7.11). 


In 1862, Friedrich Wöhler discovered calcium carbide 
(CaC2) by heating carbon with an alloy of zinc and calcium. 
He then synthesized acetylene by allowing the calcium car- 
bide to react with water: 


zinc-calcium alloy, heat 2H;O 


> СаС, 


C > HC=CH + Са(ОН); 


Acetylene produced this way burned in lamps of some 
lighthouses and in old-time miners’ headlamps. From the 
standpoint of organic synthesis, it is theoretically possible to 


THE CHEMISTRY OF... 


From the Inorganic to the Organic 


synthesize anything using reactions of alkynes to form car- 
bon-carbon bonds and to prepare other functional groups. 
Thus, while Wóhler's 1828 conversion of ammonium cyanate 
to urea was the first synthesis of an organic compound from 
an inorganic precursor (Section 1.1A), his discovery of cal- 
cium carbide and its reaction with water to form acetylene 
gives us a formal link from inorganic materials to the entire 
realm of organic synthesis. 


Solved Problem 7.9 


Outline a retrosynthetic pathway that leads from ‘muscalure’, the sex attractant pheromone of the common house- 
fly back to the simplest alkyne, ethyne (acetylene). Then show the synthesis. You may use any inorganic compounds, 
or solvents, you need and alkyl halides of any length necessary. 


АЎ А 


i 


12 


Muscalure 


STRATEGY AND ANSWER We make use of two reactions that we have just studied in this chapter: syn addition 


of hydrogen to an alkyne, and alkylation of alkynide ions. 


Retrosynthetic Analysis 


СО 08 


y 12 


Muscalure 


Es 


===) Ми, =; 


+ Ho, syn addition 


МОИ + Na* =f ===> = + NaNH, 
12 12 


== => МЕР ====0 ве Мас: 


Synthesis 


| 


12 


poc d 


Muscalure 


I qus 


==: Na ——— 


аха 
а 


| 


6+ 


Br 


11 


= LY NaNH, 
— RM ÉÓ 
12 


H,/Ni (P-2) 


n addition 
7 ior Or ан 
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Review Problem 7.23 


Review Problem 7.24 
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Referring to the retrosynthetic analysis for 2-methylhexane in this section, write reactions 
for those synthesis routes that are feasible. 


(a) Devise retrosynthetic schemes for all conceivable alkynide anion alkylation syntheses 
of the insect pheromones undecane and 2-methylheptadecane (see “The Chemistry ог... 
Pheromones" box in Chapter 4). (b) Write reactions for two feasible syntheses of each 
pheromone. 


7.16D Raison d'Etre 


Solving synthetic puzzles by application of retrosynthetic analysis is one of the joys of learn- 
ing organic chemistry. As you might imagine, there is skill and some artistry involved. Over 
the years many chemists have set their minds to organic synthesis, and because of this we 
have all prospered from the fruits of their endeavors. 


Summary of Methods for the Preparation of Alkenes and Alkynes 


In this chapter we described four general methods for the preparation of alkenes. 


1. Dehydrohalogenation of alkyl halides (Section 7.6): 
General Reaction 


| | base ^N 7 
mm "ent Pe “ 
Hx (HX 
Specific Examples 
CH.CH,CHOH, AL  CH,CH—CHCH, + CH,CH,CH—CH, 
Br (cis and trans, 81%) (1996) 
CH,CH,CHCH, AEK, CH,CH=CHCH, + CH,CH,CH=CH, 
Br ae Disubstituted alkenes Monosubstituted alkene 


(cis and trans, 47%) (53%) 


2. Dehydration of alcohols (Sections 7.7 and 7.8): 
General Reaction 


| | асіа N 
f | wa? C=C + HO 
H OH 
Specific Examples 

CH,CH,OH 2289 CH=CH, + H,O 
a 20% H,SO PP 

CH, | OH – 5 — JOCH + HO 
CH, ix 


(8396) 


Problems 


3. Hydrogenation of alkynes (Section 7.15): 
General Reaction 


R 
Н, / NIB (P-2) ~ / 
(syn addition) H VA №: 


H 
R—C=C—R’ (Z)-Alkene 
| RU jn 
Li or Na " C=C 
NH, or RNH, P4 N 
(anti addition) Н В’ 


(E)-Alkene 


In subsequent chapters we shall see a number of other methods for alkene synthesis. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


WILEY Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
teaching and learning solution. 
STRUCTURE AND NOMENCLATURE 
7.25 | Each of the following names is incorrect. Give the correct name and explain your reasoning. 


(a) trans-3-Pentene 
(b) 1,1-Dimethylethene 


7.26 
(a) 3-Methylcyclobutene 
(b) 1-Methylcyclopentene 
(c) 2,3-Dimethyl-2-pentene 
(d) (Z)-3-Hexene 
7.27 
(a) 4-Bromo-2-hexene 
(b) 3-Chloro-1,4-hexadiene 
7.28 


(c) 2-Methylcyclohexene 
(d) 4-Methylcyclobutene 


Write a structural formula for each of the following: 


(e) (E)-2-Pentene 

(f) 3,3,3- Tribromopropene 
(g) (Z,4R)-4-Methyl-2-hexene 
(h) (£,45)-4-Chloro-2-pentene 


(c) 2,4-Dichloro-2-pentene 
(d) 2-Bromo-4-chlorohex-2-en-5-yne 


(e) (Z)-3-Chloro-2-butene 
(f) 5,6-Dichlorocyclohexene 


(i) (2-1-Cyclopropyl-1-pentene 
(j) 5-Cyclobutyl-1-pentene 
(k) (R)-4-Chloro-2-pentyne 
(D (E)-4-Methylhex-4-en-1-yne 


Write three-dimensional formulas for and give names using (R)-(S) and (£)-(Z) designations for the isomers of: 


Give the IUPAC names for each of the following: 


= 
2 

e 

8 

p 
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7.29 


7.30 


7.31 


7.32 


7.33 


7.34 


7.35 


7.36 
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Without consulting tables, arrange the following compounds in order of decreasing acidity: 
Pentane 1-Pentene 1-Pentyne 1-Pentanol 


SYNTHESIS 
Outline a synthesis of propene from each of the following: 
(a) Propyl chloride (c) Propyl alcohol (e) 1,2-Dibromopropane 
(b) Isopropyl chloride (d) Isopropyl alcohol (f) Propyne 


Outline a synthesis of cyclopentene from each of the following: 
(a) Bromocyclopentane (b) 1,2-Dichlorocyclopentane (c) Cyclopentanol 


Starting with ethyne, outline syntheses of each of the following. You may use any other needed reagents, and you 
need not show the synthesis of compounds prepared in earlier parts of this problem. 


(a) Propyne (f) 1-Pentyne (k) CH3CHsC=CD 
(b) 1-Butyne (g) 2-Hexyne (D H,C CH, 
(c) 2-Butyne (h) (Z)-2-Hexene | d 

(d) cis-2-Butene (i) (Е)-2-Нехепе D^ ~ 
(e) trans-2-Butene (j) 3-Hexyne 


Starting with 1-methylcyclohexene and using any other needed reagents, outline a synthesis of the following 
deuterium-labeled compound: 


D 


ps 


H 


Outline a synthesis of phenylethyne from each of the following: 
(a) Br в 0) Br (9 (X (d) O 
1: C^ 


DEHYDROHALOGENATION AND DEHYDRATION 


Write a three-dimensional representation for the transition state structure leading to formation of 2-methyl-2-butene 
from reaction of 2-bromo-2-methylbutane with sodium ethoxide. 


When trans-2-methylcyclohexanol (see the following reaction) is subjected to acid-catalyzed dehydration, the major 
product is 1-methylcyclohexene: 


CH, CH, 


heat 


However, when trans-1-bromo-2-methylcyclohexane is subjected to dehydrohalogenation, the major product is 
3-methylcyclohexene: 
CH, CH, 
Br 
| EtONa 
EtOH, heat 


Account for the different products of these two reactions. 


7.37 


7.38 


7.39 


7.40 


7.41 


7.42 


7.43 
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Problems 


Write structural formulas for all the products that would be obtained when each of the following alkyl halides is 
heated with sodium ethoxide in ethanol. When more than one product results, you should indicate which would be 
the major product and which would be the minor product(s). You may neglect cis-trans isomerism of the products 
when answering this question. 


(a) (b) Br (c) 
Br 
(d) (e) Br (f) Br 
с "OC “or 


Write structural formulas for all the products that would be obtained when each of the following alkyl halides is 
heated with potassium fert-butoxide in tert-butyl alcohol. When more than one product results, you should indi- 
cate which would be the major product and which would be the minor product(s). You may neglect cis-trans iso- 
merism of the products when answering this question. 


(a) (b Br (c) (d Br (e) 
AV D d e£ pe 4 = 
Br 


Starting with an appropriate alkyl halide and base, outline syntheses that would yield each of the following alkenes 
as the major (or only) product: 


AS AS РА, "а "O- 
27 


Arrange the following alcohols in order of their reactivity toward acid-catalyzed dehydration (with the most reac- 
tive first): 


1-Pentanol 2-Methyl-2-butanol 3-Methyl-2-butanol 


Give the products that would be formed when each of the following alcohols is subjected to acid-catalyzed dehy- 
dration. If more than one product would be formed, designate the alkene that would be the major product. (Neglect 
cis—trans isomerism.) 


(a) OH (b (c) (d) X. (e) 
X" ULL OS "Xo * у, 
OH 


1-Bromobicyclo[2.2.1]heptane does not undergo elimination (below) when heated with a base. Explain this fail- 
ure to react. (Construction of molecular models may help.) 


uct 


When the deuterium-labeled compound shown at right is subjected to dehydrohalo- 
genation using sodium ethoxide in ethanol, the only alkene product is 3-methylcy- 
clohexene. (The product contains no deuterium.) Provide an explanation for this 
result. 
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7.44 


7.45 


7.46 


7.47 


7.48 
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Provide a mechanistic explanation for each of the following reactions: 


(а) Дон acid (cat), ST (c) | | | 


A AgNO, 
(major product) "нон 


(major product) 


(b) Ph 
OH EtONa 
acid (cat. EtOH, A m 
——5 Ph 
(E only) 


(major product) 


INDEX OF HYDROGEN DEFICIENCY 


Caryophyllene, a compound found in oil of cloves, has the molecular formula C45H»4 and has no triple bonds. 
Reaction of caryophyllene with an excess of hydrogen in the presence of a platinum catalyst produces a 
compound with the formula C45Hog. How many (a) double bonds and (b) rings does a molecule of caryophyl- 
lene have? 


Squalene, an important intermediate in the biosynthesis of steroids, has the molecular formula СзоН5о and has no 
triple bonds. 
(a) What is the index of hydrogen deficiency of squalene? 


(b) Squalene undergoes catalytic hydrogenation to yield a compound with the molecular formula C39Hgo. How many 
double bonds does a molecule of squalene have? 


(c) How many rings? 


STRUCTURE ELUCIDATION 


Compounds I and J both have the molecular formula C7H44. Compounds I and J are both optically active and both 
rotate plane-polarized light in the same direction. On catalytic hydrogenation I and J yield the same compound K 
(C7H16). Compound K is optically active. Propose possible structures for I, J, and К. 


(+)–1 (C7Hyq4) Н, Pt 
K (C7H16) 
(+)—J (C7H14) Hz, Pt (Optically active) 


Compounds L and M have the molecular formula C7H14. Compounds L and M are optically inactive, are non- 
resolvable, and are diastereomers of each other. Catalytic hydrogenation of either L or M yields N. Compound 
N is optically inactive but can be resolved into separate enantiomers. Propose possible structures for L, M, 
and N. 


L (C7H44) Hp, Pt 


(Optically inactive) N 
N 
M (C7H14) H3, Pt /” (Optically inactive, 


(Optically inactive) resolvable) 


(L and M are diastereomers) 


Learning Group Problems 


Challenge Problems 


7.49 Propose structures for compounds E-H. Compound E has the molecular formula C5Hg and is optically active. On 
catalytic hydrogenation E yields F. Compound F has the molecular formula C5H4o, is optically inactive, and can- 
not be resolved into separate enantiomers. Compound G has the molecular formula CgH9 and is optically active. 
Compound G contains no triple bonds. On catalytic hydrogenation G yields H. Compound H has the molecular 
formula CgH44, is optically inactive, and cannot be resolved into separate enantiomers. 


7.50 Consider the interconversion of cis-2-butene and trans-2-butene. 
(a) What is the value of AZ? for the reaction cis-2-butene — trans-2-butene (see Section 7.3A)? 
(b) Assume AH? = AG?. What minimum value of AG* would you expect for this reaction (see Section 1.13A)? 
(c) Sketch a free-energy diagram for the reaction and label AG? and ЛС“. 


7.51 (a) Partial dehydrohalogenation of either (1R,2R)-1,2-dibromo-1,2-diphenylethane or (15,25)-1,2-dibromo-1,2- 
diphenylethane enantiomers (or a racemate of the two) produces (Z)-1-bromo-1,2-diphenylethene as the product, 
whereas (b) partial dehydrohalogenation of (1R,2S)-1,2-dibromo-1,2-diphenylethane (the meso compound) gives 
only (£)-1-bromo-1,2-diphenylethene. (c) Treating (18,25)-1,2-dibromo-1,2-diphenylethane with sodium iodide in 
acetone produces only (£)-1,2-diphenylethene. Explain these results. 


7.52 (a) Using reactions studied in this chapter, show steps by which this alkyne could be converted to the seven-mem- 
bered ring homolog of the product obtained in Problem 7.44(b). 


(b) Could the homologous products obtained in these two cases be relied upon to show infrared absorption in the 
1620—1680-cm “ ! region? 


7.53 Predict the structures of compounds A, B, and C: 
A is an unbranched Сб alkyne that is also a primary alcohol. 
B is obtained from A by use of hydrogen and nickel boride catalyst or dissolving metal reduction. 
C is formed from B on treatment with aqueous acid at room temperature. Compound C has no infrared absorption 
in either the 1620-1680-cm ^! or the 3590-3650-cm! region. It has an index of hydrogen deficiency of 1 and has 
one chirality center but forms as the racemate. 


7.54 What is the index of hydrogen deficiency for (а) C7H1002 and (b) C5H4N4? 


Learning Group Problems 


1. Write the structure(s) of the major product(s) obtained when 2-chloro-2,3-dimethylbutane (either enantiomer) reacts 
with (a) sodium ethoxide (EtONa) in ethanol (EtOH) at 80°C or (in a separate reaction) with (b) potassium tert- 
butoxide (t-BuOK) in tert-butyl alcohol (t-BuOH) at 80°C. If more than one product is formed, indicate which one 
would be expected to be the major product. (c) Provide a detailed mechanism for formation of the major product 
from each reaction, including a drawing of the transition state structures. 


CI 


EtONa t-BuOK 
EtOH, A t-BuOH, A 
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Explain using mechanistic arguments involving Newman projections or other three-dimensional formulas why the 
reaction of 2-bromo-1,2-diphenylpropane (either enantiomer) with sodium ethoxide (EtONa) in ethanol (EtOH) at 
80°C produces mainly (£)-1,2-diphenylpropene [little of ће (Z) diastereomer is formed]. 


Br (> 
SS 
EtON 
а + Z 
EtOH, A 


(major) (minor) 


(a) Write the structure of the product(s) formed when 1-methylcyclohexanol reacts with 85% (coned) НзРОд at 
150?C. (b) Write a detailed mechanism for the reaction. 


OH HO, (conco) 
150° C 


Consider the reaction of 1-cyclobutylethanol (1-hydroxyethylcyclobutane) with concentrated H2SO, at 120°C. Write 
structures of all reasonable organic products. Assuming that methylcyclopentene is one product, write a mecha- 
nism that accounts for its formation. Write mechanisms that account for formation of all other products as well. 


H5SO, (concd) 
wu 
он Маине, |, 


Consider the following compound: 


(a) Develop all reasonable retrosynthetic analyses for this compound (any diastereomer) that, at some point, involve 
carbon-carbon bond formation by alkylation of an alkynide ion. 


(b) Write reactions, including reagents and conditions, for syntheses of this compound that correspond to the ret- 
rosynthetic analyses you developed above. 


(c) Infrared spectroscopy could be used to show the presence of certain impurities in your final product that would 
result from leftover intermediates in your syntheses. Which of your synthetic intermediates would show IR 
absorptions that are distinct from those in the final product, and in what regions of the IR spectrum would the 
absorptions occur? 


(d) Draw a three-dimensional structure for either the cis or trans form of the target molecule. Use dashed and solid 
wedges where appropriate in the alkyl side chain and use a chair conformational structure for the ring. [Hint: 
Draw the structure so that the carbon chain of the most complicated substituent on the cyclohexane ring and 
the ring carbon where it is attached are all in the plane of the paper. In general, for three-dimensional struc- 
tures choose an orientation that allows as many carbon atoms as possible to be in the plane of the paper.] 
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Summary and Review Tools 


E2 Elimination 
R,— CH; — CH — РА; => R,— CH == СН — А, 


LG 


Alkyl halides 
and alcohols 


Alkenes 


х 
| | -Alk 

СЕС (ев 
| |] 


X H Hp, Lindlar's catalyst 
Vicinal dihalide or Ni;B 


NaNH, (2 equiv.) Ho, catalyst 


NaNH, _ А—1& Hp, catalyst* 
R — C =C—H — > ВМ СЕС ——> R— C =C —R, ——— Ву СН, — CH— Ro 


Terminal alkyne Alkynide anion Internal alkyne Alkane 


NaNH,; (2 equiv.) Hp, catalyst* 
(1) Lior Na 
н а in NH3 or EtNH; 


| (2) NH,Cl 
R,— C — C — R, Ry H 
| | c — c 
н а (Е)-АІкепе / \ 
Geminal H Ro 


dichloride 
| PCl; 


*Hydrogenation 
catalyst = 
Pt, Pd, Ni 
(heterogeneous); 
or Ru or Rh 
Aldehyde or (homogeneous) 


ketone 
CONCEPT MAP 
of alkanes can be accomplished by 


is approached 
logically by 


involves 


Alkenes and Alkynes II 


Addition Reactions 


In recent chapters we have discussed mechanisms that involve electron pairs in bond-forming and bond-break- 
ing steps of substitution and elimination reactions. Nucleophiles and bases served as electron pair donors in 
these reactions. In this chapter we discuss reactions of alkenes and alkynes in which a double or triple bond 
acts as the electron pair donor for bond formation. These reactions are called addition reactions. 


Br,, 


Dactylyne (SE)-Laureatin 


Alkenes and alkynes are very common in nature, both on land and in the sea. Examples from the sea include 
dactylyne and (3E)-laureatin, whose formulas are shown here. These compounds include halogens in their struc- 
tures, as is the case for many other natural marine compounds. Certain marine organisms may produce com- 
pounds like these for the purpose of self-defense, since a number of them have cytotoxic properties. Interestingly, 
the halogens in these marine compounds are incorporated by biological reactions similar to those we shall study 
in this chapter (Section 8.12). Not only, therefore, do compounds like dactylyne and (3E)-laureatin have intrigu- 
ing structures and properties, and arise in the beautiful environment of the sea, but they also have fascinating 
chemistry behind them. 
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8.1 Addition Reactions of Alkenes 


We have already studied one addition reaction of alkenes—hydrogenation—in which a 
hydrogen atom is added at each end of a double (or triple) bond. In this chapter we shall 
study other alkene addition reactions that do not involve the same mechanism as hydro- 
genation. We can depict this type of reaction generally, using E for an electrophilic portion 
of a reagent and Nu for a nucleophilic portion, as follows. 

N / addition | | 


С=С + E—Nu > E—C—C—Nu 
7 N | | 


Some specific reactions of this type that we shall study in this chapter include addition of 
hydrogen halides, sulfuric acid, water (in the presence of an acid catalyst), and halogens. Later 
we shall also study some specialized reagents that undergo addition reactions with alkenes. 


H—X 
»H—C—C-—X Alkyl halide 
(Sections 8.2, 8.3, 
and 10.9) 
H— H 
= > H—C—C—OSO,H Alkyl hydrogen 
sulfate 
hm d (Section 8.4) 
Z ЊУ 
Alkene ИЕН . 2H—O-C-0H Alcohol 
HA (cat.) (Section 8.5) 
X—x 
>X —C—C—X Dihaloalkane 
(Sections 8.12, 8.13) 


8.1A How to Understand Additions to Alkenes 


Two characteristics of the double bond help us understand why these addition reactions occur: 


1. An addition reaction results in the conversion of one т bond and one с bond (Sections 
1.12 and 1.13) into two ø bonds. The result of this change is usually energetically 
favorable. The energy released in making two ø bonds exceeds that needed to break 
one с bond and one т bond (because zr bonds are weaker), and, therefore, addition 
reactions are usually exothermic: 


Á | 2) 
Soc + E—Nu— Soe 


N Il 
| | E | Nu 
т bond а bond —9 20 bonds 


— 
Bonds broken Bonds formed 


2. The electrons of the 7 bond are exposed. Because the m bond results from overlap- 
ping p orbitals, the т electrons lie above and below the plane of the double bond: 


- — 


An electrostatic potential map for ethene 
shows the higher density of negative 
charge in the region of the л bond. 


The electron pair of the л bond is 
distributed throughout both lobes 
of the x molecular orbital. 


8.1 Addition Reactions of Alkenes 


Electrophilic Addition 
ө Electrons in the 7 bond of alkenes react with electrophiles. 


ө Electrophiles are electron-seeking reagents. They have the property of being 
electrophilic. 


Electrophiles include proton donors such as Brgnsted-Lowry acids, neutral reagents such 
as bromine (because it can be polarized so that one end is positive), and Lewis acids such 
as BH3, ВЕз, and АІСІз. Metal ions that contain vacant orbitals—the silver ion (АД), the 
mercuric ion (Hg?*), and the platinum ion (Pt?*), for example—also act as electrophiles. 
Hydrogen halides, for example, react with alkenes by accepting a pair of electrons from 
the т bond to form a ø bond between the hydrogen and one of the carbon atoms, with loss 
of the halide ion. This leaves a vacant p orbital and a + charge on the other carbon. The 
overall result is the formation of a carbocation and a halide ion from the alkene and HX: 


BON st 


:X —H c 


ДОРА 


9 


aa" 


Alkene Carbocation 


Being highly reactive, the carbocation may then combine with the halide ion by accept- 
ing one of its electron pairs: 


Addition to 
either face of 
the carbocation 


Carbocation Addition products 


Electrophiles Are Lewis Acids — Electrophiles are molecules or ions that can accept an 
electron pair. Nucleophiles are molecules or ions that can furnish an electron pair (i.e., Lewis 
bases). Any reaction of an electrophile also involves a nucleophile. In the protonation of an 
alkene the electrophile is the proton donated by an acid; the nucleophile is the alkene: 


Electrophile Nucleophile 


In the next step, the reaction of the carbocation with a halide ion, the carbocation is the 
electrophile and the halide ion is the nucleophile: 


am CT 


—C=C +4 X: асс 


Electrophile Nucleophile m 


Wi d Wi 
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8.2 Electrophilic Addition of Hydrogen Halides to Alkenes: 
Mechanism and Markovnikov's Rule 


Hydrogen halides (HI, HBr, HCI, and НЕ) add to the double bond of alkenes: 


| 
X 


eee 
7 $ | 
H 
These additions are sometimes carried out by dissolving the hydrogen halide in a sol- 
vent, such as acetic acid or СН2СІ2, or by bubbling the gaseous hydrogen halide directly 
into the alkene and using the alkene itself as the solvent. HF is prepared as polyhydrogen 
fluoride in pyridine. 


€ The order of reactivity of the hydrogen halides in alkene addition is НІ > HBr > 
HCI > НЕ. 


Unless the alkene is highly substituted, HCI reacts so slowly that the reaction is not one 
that is useful as a preparative method. HBr adds readily, but as we shall learn in Section 
10.9, unless precautions are taken, the reaction may follow an alternate course. 

The addition of HX to an unsymmetrical alkene could conceivably occur in two ways. 
In practice, however, one product usually predominates. The addition of HBr to propene, 
for example, could conceivably lead to either 1-bromopropane or 2-bromopropane. The 
main product, however, is 2-bromopropane: 


Su + НВг — hd (me в) 
Вг 
2-Вготоргорапе 1-Вготоргорапе 


When 2-methylpropene reacts with НВг, the main product is 2-bromo-2-methylpropane, 
not 1-bromo-2-methylpropane: 


Дон — Да (ms Да] 


2-Мећућргорепе 2-Вгото-2-те ћу ргорапе — 1-Вгото-2-те ћу ргорапе 


Consideration of many examples like this led the Russian chemist Vladimir Markovnikov 
in 1870 to formulate what is now known as Markovnikov's rule. 


@ One way to state Markovnikov’s rule is to say that in the addition of HX to an 
alkene, the hydrogen atom adds to the carbon atom of the double bond that 
already has the greater number of hydrogen atoms.* 


The addition of HBr to propene is an illustration: 


cL seran CH,—CHCH, —  CH,—CHCH, 
atom with the ^ ^ 
greater number of : : H Br 


hydrogen atoms | | 


Е Markovnikov addition 
H Br product 


Reactions that illustrate Markovnikov's rule are said to be Markovnikov additions. 
*[n his original publication, Markovnikov described the rule in terms of the point of attachment of the halogen 


atom, stating that “if an unsymmetrical alkene combines with a hydrogen halide, the halide ion adds to the 
carbon atom with the fewer hydrogen atoms." 


8.2 Electrophilic Addition of Hydrogen Halides to Alkenes 


A mechanism for addition of a hydrogen halide to an alkene involves the following two 
steps: 


A MECHANISM FOR THE REACTION 


4 - ae 
Step 1 pg clc c DI. 


The т electrons of the alkene form a bond with a proton 
from HX to form a carbocation and a halide ion. 


5 | el 
Step 2 UC qp ен FE 00 


The halide ion reacts with the carbocation by 
donating an electron pair; the result is an alkyl halide. 


The important step—because it is the rate-determining step—is step 1. In step 1 the 
alkene donates a pair of electrons to the proton of the hydrogen halide and forms a carbo- 
cation. This step (Fig. 8.1) is highly endergonic and has a high free energy of activation. 
Consequently, it takes place slowly. In step 2 the highly reactive carbocation stabilizes itself 
by combining with a halide ion. This exergonic step has a very low free energy of activa- 
tion and takes place very rapidly. 


X 
Carbocation 
Transition state 1 Y Dorset H 
~ ДР ~ | m 
C=C Z= Transition state 2 
A gt ~ | p T 
Ss | 
С—С— = 
A. | X 
TX 
id aGt 
SIEP step 2 
C=C 
+ 
HX H 
| | | 
Step 1 X | 


Step 2 
Reaction coordinate 


Figure 8.1 Free-energy diagram for the addition of HX to an alkene. The free energy of 
activation for step 1 is much larger than that for step 2. 
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Figure 8.2 Free-energy 
diagrams for the addition of 
HBr to propene. 6 G'(2*) is less 
than 8G*(1?). 
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8.2A Theoretical Explanation of Markovnikov's Rule 


If the alkene that undergoes addition of a hydrogen halide is an unsymmetrical alkene such 
as propene, then step 1 could conceivably lead to two different carbocations: 
РОИ" | 
ОН + CH,CH-—CH, —— CH,CH— CH, tX 


1? Carbocation 
(less stable) 


f a yh 


CH,CH-4CH, > CH,CH—CH,—H + X- 


2° Carbocation 
(more stable) 


These two carbocations are not of equal stability, however. The secondary carbocation 
is more stable, and it is the greater stability of the secondary carbocation that accounts for 
the correct prediction of the overall addition by Markovnikov’s rule. In the addition of HBr 
to propene, for example, the reaction takes the following course: 


+ = 
CH,CH,CH, 3 CH,CH,CH,Br 


T? 1-Bromopropane 


T (little formed) 


slow 


CH,CH—CH, 
CH,CHCH, => CH,CHCH, 


fast 
Br 
2° 2-Bromopropane 
(main product) 


| Step 1 | Step 2 > 


The chief product of the reaction is 2-bromopropane because the more stable secondary 
carbocation is formed preferentially in the first step. 
@ The more stable carbocation predominates because it is formed faster. 


We can understand why this is true if we examine the free-energy diagrams in Fig. 8.2. 


Br ô- 

| 

H ô+ 

i 
This transition CHCH == -CH, 
state resembles (^^ 

У Brà ^ 
а 1° carbocation. Ра ~ CHCH,CH, 
СА а, м + Br атча 
1 ~ =o 2 s 
This transition P 2l ја X 
state resembles 4 \ 
а 2° carbocation. /^ pi k 
; CH4CHCH; \ 
, + Br ` 
CH4CH —CH, # у 
Ф 
+ \ 
\ 
НВг \ 
\ 
\ 
A 
ла? (2) AGt(19) \ 


wa CH3CH2CH2Br 


CH3CHBrCH3 
Reaction coordinate 
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© The reaction leading to the secondary carbocation (and ultimately to 2-bromo- 
propane) has the lower free energy of activation. This is reasonable because its 
transition state resembles the more stable carbocation. 


@ The reaction leading to the primary carbocation (and ultimately to 1-bromo- 
propane) has a higher free energy of activation because its transition state resem- 
bles a less stable primary carbocation. This second reaction is much slower and 
does not compete appreciably with the first reaction. 


The reaction of HBr with 2-methylpropene produces only 2-bromo-2-methylpropane 
and for the same reason. Here, in the first step (1.е., the attachment of the proton) the 
choice is even more pronounced—between a tertiary carbocation and a primary carbo- 
cation. Thus, 1-bromo-2-methylpropane is not obtained as a product of the reaction 
because its formation would require the formation of a primary carbocation. Such a reac- 
tion would have a much higher free energy of activation than that leading to a tertiary 
carbocation. 

Because carbocations are formed in the addition of HX to an alkene, rearrangements 
invariably occur when the carbocation initially formed can rearrange to a more stable one 
(see Section 7.8 and Review Problem 8.3). 


A MECHANISM FOR THE REACTION 


Addition of HBr to 2-Methylpropene 


This reaction takes place: 


CH; CH; CH; 
оон —  V—cH-H  —  cH-6—cu, Maler 
TE "uU E e БЕ 
CH; H—Br: cu n :Br: :Br: 

3? Carbocation 2-Bromo-2-methylpropane 


(more stable carbocation) 


This reaction does not occur to any appreciable extent: 


CH, CH, CH, 
Е | 7 B m g. iie 
Roe 2 CH; Y CH, o  CH,—CH-—CH,-Br: formed 
CH, z H TEES 
u-CBr: Be 
1° Carbocation 1-Bromo-2-methylpropane 


(less stable carbocation) 


8.2B Modern Statement of Markovnikov's Rule 


With this understanding of the mechanism for the ionic addition of hydrogen halides to 
alkenes, we can now give the following modern statement of Markovnikov's rule. 


9 In the ionic addition of an unsymmetrical reagent to a double bond, the positive 
portion of the adding reagent attaches itself to a carbon atom of the double bond so 
as to yield the more stable carbocation as an intermediate. 
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Review Problem 8.1 


Review Problem 8.2 


Review Problem 8.3 


Chapter 8 Alkenes and Alkynes || 


Because addition of the electrophile occurs first (before the addition of the nucleophilic 
portion of the adding reagent), it determines the overall orientation of the addition. 

Notice that this formulation of Markovnikov's rule allows us to predict the outcome of 
the addition of a reagent such as ICI. Because of the greater electronegativity of chlorine, 
the positive portion of this molecule is iodine. The addition of ICI to 2-methylpropene takes 
place in the following way and produces 2-chloro-1-iodo-2-methylpropane: 


CH, CH, CH; 

N Ot oP ES "T | " 
Lou, + „Са: — Cch, i — CH,- 60H. 

CH, CH, | :Cl: 
2-Methylpropene à 2-Chloro-1-iodo- 


2-methylpropane 


Give the structure and name of the product that would be obtained from the ionic addition 
of IBr to propene. 


Outline mechanisms for the following addition reactions: 


(a) HBr (b) с! (c) HI 


Provide mechanistic explanations for the following observations: 


8.2C Regioselective Reactions 


Chemists describe reactions like the Markovnikov additions of hydrogen halides to alkenes 
as being regioselective. Regio comes from the Latin word regionem meaning direction. 


€ When a reaction that can potentially yield two or more constitutional isomers actu- 
ally produces only one (or a predominance of one), the reaction is said to be 
regioselective. 


The addition of HX to an unsymmetrical alkene such as propene could conceivably yield 
two constitutional isomers, for example. As we have seen, however, the reaction yields only 
one, and therefore it is regioselective. 


8.2D An Exception to Markovnikov's Rule 


In Section 10.9 we shall study an exception to Markovnikov’s rule. This exception con- 
cerns the addition of HBr to alkenes when the addition is carried out in the presence of 
peroxides (1.е., compounds with the general formula ROOR). 
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8.3 Stereochemistry of the lonic Addition to an Alkene 


@ When alkenes are treated with HBr in the presence of peroxides, an anti- 
Markovnikov addition occurs in the sense that the hydrogen atom becomes 
attached to the carbon atom with the fewer hydrogen atoms. 

With propene, for example, the addition takes place as follows: 

CH4CH—CH, + HBr —9?985 CH,CH,CH,Br 
In Section 10.9 we shall find that this addition occurs by a radical mechanism, and not by 
the ionic mechanism given at the beginning of Section 8.2. 


@ This anti-Markovnikov addition occurs only when HBr is used in the presence of 
peroxides and does not occur significantly with HF, HCl, and HI even when perox- 
ides are present. 


8.3 Stereochemistry of the lonic Addition to an Alkene 


Consider the following addition of HX to 1-butene and notice that the reaction leads to the 
formation of a product, 2-halobutane, which contains a chirality center: 


CH,CH,CH—CH, + HX —> CH,CH,CHCH, 
X 


The product, therefore, can exist as a pair of enantiomers. The question now arises as to 
how these enantiomers are formed. Is one enantiomer formed in greater amount than the 
other? The answer is no; the carbocation that is formed in the first step of the addition 
(see the following scheme) is trigonal planar and is achiral (a model will show that it 
has a plane of symmetry). When the halide ion reacts with this achiral carbocation in the 
second step, reaction is equally likely at either face. The reactions leading to the two 
enantiomers occur at the same rate, and the enantiomers, therefore, are produced in equal 
amounts as a racemic form. 


THE STEREOCHEMISTRY OF THE REACTION 


lonic Addition to an Alkene 


(a) (a) X: 
C,H, “~H 
CH, 
+ oH ies (S)-2-Halobutane 
CH CH=CH, == сна са х (50%) 


H TE 
Achiral, trigonal planar Cai: WE 
carbocation m 
(R)-2-Halobutane 


(50%) 
1-Butene donates a pair of electrons The carbocation reacts with the halide 
to the proton of HX to form an ion at equal rates by path (a) or (b) to 


achiral carbocation. form the enantiomers as a racemate. 
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8.4 Addition of Sulfuric Acid to Alkenes 


€ When alkenes are treated with cold concentrated sulfuric acid, they dissolve 
because they react by electrophilic addition to form alkyl hydrogen sulfates. 


The mechanism is similar to that for the addition of HX. In the first step of this reaction 
the alkene donates a pair of electrons to a proton from sulfuric acid to form a carbocation; 
in the second step the carbocation reacts with a hydrogen sulfate ion to form an alkyl hydro- 


gen sulfate: 
О AN 9 но;ѕо н 


| m NE и T 
5—0—н == ‘C—C— + :0—$—0—H == —C—C— 
l / | | 


NU : 
e +“ HO 


Alkene Sulfuric Carbocation Hydrogen Alkyl hydrogen 
acid sulfate ion sulfate 


Soluble in sulfuric acid 


The addition of sulfuric acid is also regioselective, and it follows Markovnikov’s rule. Propene, 
for example, reacts to yield isopropyl hydrogen sulfate rather than propyl hydrogen sulfate: 


А | 
C—CH, э C—CH,—H > CH;—C—CH, 
of of 
3 " 3 EM : OSOH 
H CÓso, NEM — 
2° Carbocation Isopropyl hydrogen 
(more stable carbocation) sulfate 


8.4A Alcohols from Alkyl Hydrogen Sulfates 


Alkyl hydrogen sulfates can be easily hydrolyzed to alcohols by heating them with water. 
The overall result of the addition of sulfuric acid to an alkene followed by hydrolysis is the 
Markovnikov addition of H— and —OH: 


Е H,SO, H,O 
CH,CH—CH, ==» CH,CHCH, vea? о и + H,SO, 
OSO,H OH 
Review Problem 8.4 In one industrial synthesis of ethanol, ethene is first dissolved in 95% sulfuric acid. In a 


second step water is added and the mixture is heated. Outline the reactions involved. 


8.5 Addition of Water to Alkenes: Acid-Catalyzed Hydration 


The acid-catalyzed addition of water to the double bond of an alkene (hydration of an 
alkene) is a method for the preparation of low-molecular-weight alcohols. This reaction has 
its greatest utility in large-scale industrial processes. The acids most commonly used to cat- 
alyze the hydration of alkenes are dilute aqueous solutions of sulfuric acid and phosphoric 
acid. These reactions, too, are usually regioselective, and the addition of water to the dou- 
ble bond follows Markovnikov's rule. In general, the reaction takes the form that follows: 

N vA H,O+ 


C=C + HOH 
7 N 


| 
> n C 
H 
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An example is the hydration of 2-methylpropene: 


A Њо" pe 
~ + HOH ETTUM 


HO 
2-Methylpropene 2-Methyl-2-propanol 
(isobutylene) (tert-butyl alcohol) 


Because the reactions follow Markovnikov's rule, acid-catalyzed hydrations of alkenes 
do not yield primary alcohols except in the special case of the hydration of ethene: 
HPO, 


CH=CH; + HOH -zyc CH,CH;OH 


8.5A Mechanism 


The mechanism for the hydration of an alkene is simply the reverse of the mechanism for 
the dehydration of an alcohol. We can illustrate this by giving the mechanism for the hydra- 
tion of 2-methylpropene and by comparing it with the mechanism for the dehydration of 
2-methyl-2-propanol given in Section 7.7A. 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Hydration of an Alkene 


CH, CH,—H H 
| pus Al slow / | 
Step 1 pou HO. He — Ci o Oral 
CH, CH, 5 јен, 


The alkene donates an electron pair to a proton to form 
the more stable 3? carbocation. 


GH, H CH, H 
Ch + :0—H == CH,—C——0—H 


Step 2 
СНП P 
9 CH; 
The carbocation reacts with a molecule of water to 
form a protonated alcohol. 
CH, H H CH, H 
el 2 | fast ss | 
Step 3 а + :0—H ge mM + H—O—H 
+ 
CH, CH, 


A transfer of a proton to a molecule of water leads to the product. 


The rate-determining step in the hydration mechanism is step 1: the formation of the car- 
bocation. It is this step, too, that accounts for the Markovnikov addition of water to the dou- 
ble bond. The reaction produces 2-methyl-2-propanol because step 1 leads to the formation 
of the more stable tertiary (3?) cation rather than the much less stable primary (1?) cation: 


CH, CH;* H For all practical purposes 
(a | 


H 
cl мегу. К : this reaction does not 
PA ar + H 2 H =w СО G—H + :0—H take place because it 
CH; 3 CH produces a 1? carbocation. 
3 
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The reactions whereby alkenes are hydrated or alcohols are dehydrated are reactions 
in which the ultimate product is governed by the position of an equilibrium. Therefore, in 
the dehydration of an alcohol it is best to use a concentrated acid so that the concentration 
of water is low. (The water can be removed as it is formed, and it helps to use a high tem- 
perature.) In the Aydration of an alkene it is best to use dilute acid so that the concentra- 
tion of water is high. (It also usually helps to use a lower temperature.) 


Solved Problem 8.1 


Write a mechanism that explains the following reaction. 


cat. HSO, 
LZ -po = 


OH 


STRATEGY AND ANSWER We know that a hydronium ion, formed from sulfuric acid and water, can donate a 
proton to an alkene to form a carbocation. The carbocation can then accept an electon pair from a molecule of water 
to form a protonated alcohol. The protonated alcohol can donate a proton to water to become an alcohol. 


E 
LER. 
H 


С E o 
(©) LES 
H a a H H H 
"5 a | 
+ Њо 
ow 
Review Problem 8.5 (a) Write a mechanism for the following reaction. 


OH 
H,O 


(b) What general conditions would you use to ensure a good yield of the product? 


(c) What general conditions would you use to carry out the reverse reaction, i.e., the dehy- 
dration of cyclohexanol to produce cyclohexene? 


(d) What product would you expect to obtain from the acid-catalyzed hydration of 1-methyl- 
cyclohexene? Explain your answer. 


8.5B Rearrangements 


@ One complication associated with alkene hydrations is the occurrence of 
rearrangements. 


Because the reaction involves the formation of a carbocation in the first step, the carboca- 
tion formed initially invariably rearranges to a more stable one (or possibly to an isoener- 


8.5 Addition of Water to Alkenes: Acid-Catalyzed Hydration 


getic one) if such a rearrangement is possible. An illustration is the formation of 2,3- 
dimethyl-2-butanol as the major product when 3,3-dimethyl-1-butene is hydrated: 


E 
bd HO 


3,3-Dimethyl-1-butene 2,3-Dimethyl-2-butanol 
(major product) 


Outline all steps in a mechanism showing how 2,3-dimethyl-2-butanol is formed in the acid- 
catalyzed hydration of 3,3-dimethyl-1-butene. 


The following order of reactivity is observed when the following alkenes are subjected to 
acid-catalyzed hydration: 


(CH39C—CH2 > CH3CH=CHs > CH=CH) 


Explain this order of reactivity. 


Write a mechanism for the following reaction. 


p cat. Н,50, 
— 
MeOH OMe 


Write a mechanism that will explain the course of the following reaction 


== 
cat. Н,50, OCH3 
— > 
CH4OH 
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Review Problem 8.6 


Review Problem 8.7 


Review Problem 8.8 


Solved Problem 8.2 


STRATEGY AND ANSWER As we have learned, in a strongly acidic medium such as methanol containing cat- 
alytic sulfuric acid, an alkene can accept a proton to become a carbocation. In the reaction above, the 2? carboca- 
tion formed initially can rearrange as shown below to become a 3? carbocation, which can then react with the solvent 


(methanol) to form an ether. 


H 


Ото | 2 
Hoo cH IESU HOCH, = овои 


|| - “7 снубн 
q PM ae 6 
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8.6 Alcohols from Alkenes through Oxymercuration-Demercuration: 
Markovnikov Addition 


A useful laboratory procedure for synthesizing alcohols from alkenes that avoids rearrange- 
ment is a two-step method called oxymercuration-demercuration. 


6€ Alkenes react with mercuric acetate in a mixture of tetrahydrofuran (THF) and 
water to produce (hydroxyalkyl)mercury compounds. These (hydroxyalkyl)mer- 
cury compounds can be reduced to alcohols with sodium borohydride. 


Step 1: Oxymercuration 


Xe 7 | | | || | 
0—6 + H,O + Hg\OCCH,/, => н 9 | + CH,COH 
HO Hg—OCCH, 


Step 2: Demercuration 


uU | | | 
—C—C— О + OH--NaBH, — mas + Hg + CH,CO- 
H 


| | | 
HO Hg—OCCH, HO 


9 In the first step, oxymercuration, water and mercuric acetate add to the double bond. 


@ In the second step, demercuration, sodium borohydride reduces the acetoxymer- 
cury group and replaces it with hydrogen. (The acetate group is often abbreviated 


Mercury compounds are extremely —OAc.) 
hazardous. Before you carry out a | 
reaction involving mercury or its Both steps can be carried out in the same vessel, and both reactions take place very 


ds, hould familiari : | 
NE ди пе ae rapidly at room temperature or below. The first step—oxymercuration—usually goes to 

yourself with current procedures И v х . . 
completion within a period of 20 s to 10 min. The second step—demercuration—normally 


for its use and containment. There 
are no satisfactory methods for requires less than an hour. The overall reaction gives alcohols in very high yields, usually 


disposal of mercury. greater than 90%. 


8.6A Regioselectivity of Oxymercuration-Demercuration 
Oxymercuration-demercuration is also highly regioselective. 


@ In oxymercuration-demercuration, the net orientation of the addition of the ele- 
ments of water, H— and —OH, is in accordance with Markovnikov's rule. The 
H— becomes attached to the carbon atom of the double bond with the greater 
number of hydrogen atoms. 


A dh il 
\ И (1) Hg(OAc),/THF-H,0 
C=C (1) Hg( 2 S. R—C—C—H 
/ N (2) NaBH,, OH | | 
R H HO H 
+ 
HO—H 
The following are specific examples: 
На(ОАс), UN NaBH, OH 
“NS THE-H,0 AK Hane OH- pu 
(15 s) (1 h) 


2-Pentanol 


1-Pentene 
(93%) 
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OH OH 
HgOAc 
Hal Ac). , авн, "^ 
THF-H,O H OH- 
(20 s) (6 min) 
1-Methylcyclopentene 1-Methylcyclopentanol 


8.6B Rearrangements Seldom Occur in 
Oxymercuration-Demercuration 


= Helpful Hint 


@ Rearrangements of the carbon skeleton seldom occur in oxymercuration- Oxymercuration-demercuration 


demercuration. is not prone to hydride or 
alkanide rearrangements. 


The oxymercuration-demercuration of 3,3-dimethyl-1-butene is a striking example illus- 
trating this feature. It is in direct contrast to the hydration of 3,3-dimethyl-1-butene we stud- 
ied previously (Section 8.5B). 
0н, ns 
1) Hg(OA HF-H,O 
њо—с—сн=сн, Lee HC—C—CH—CH, 


(2) NaBH,, OH- 


CH, CH, OH 
3,3-Dimethyl-1-butene 3,3-Dimethyl-2-butanol 
(9496) 


Analysis of the mixture of products by gas chromatography failed to reveal the presence 
of any 2,3-dimethyl-2-butanol. The acid-catalyzed hydration of 3,3-dimethyl-1-butene, by 
contrast, gives 2,3-dimethyl-2-butanol as the major product. 


8.6C Mechanism of Oxymercuration 


A mechanism that accounts for the orientation of addition in the oxymercuration stage, and 
one that also explains the general lack of accompanying rearrangements, is shown below. 


© Central to this mechanism is an electrophilic attack by the mercury species, HgOAc, at 
the less substituted carbon of the double bond (i.e., at the carbon atom that bears the 
greater number of hydrogen atoms), and the formation of a bridged intermediate. 


We illustrate the mechanism using 3,3-dimethyl-1-butene as the example: 


A MECHANISM FOR THE REACTION 


Oxymercuration 
Step 1 НО(ОАс), === HgOAc + OAc- 
Mercuric acetate dissociates to form a HgOAc cation and an acetate anion. 
CH; CH, 
Step 2 CH,—6—CH--CH, + ÍigoA CH,—6—H—cH 
3 YUN OUM, güAc > g v V MED 
| p p 
CH; CH; HgOAc 
ô+ 
3,3-Dimethyl-1-butene Mercury-bridged carbocation 


The alkene donates a pair of electrons to the electrophilic HgOAc* 
cation to form a mercury-bridged carbocation. In this carbocation, the 
positive charge is shared between the 2? (more substituted) carbon 
atom and the mercury atom. The charge on the carbon atom is 

large enough to account for the Markovnikov orientation of the 
addition, but not large enough for a rearrangement to occur. 
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H 


5 | 
Uu EH HC :0—H 
3 | j 


Step 3 | | | 
CH, \SHg0Ac HC HgOAc 
ô+ 
A water molecule attacks the carbon of the bridged mercurinium ion 
that is better able to bear the partial positive charge. 
ar ~n T 
E :O7-H са. de :0: 
H ~+ 
Step 4 X DS ТЬЕ => 6: Чанг паса ap RIDES 
НС HgOAc HC HgOAc H 
(Hydroxyalkyl)mercury 
compound 


An acid-base reaction transfers a proton to another water molecule (or to an 
acetate ion). This step produces the (hydroxyalkyl)mercury compound. 


Review Problem 8.9 


Calculations indicate that mercury-bridged carbocations (termed mercurinium ions) such 
as those formed in this reaction retain much of the positive charge on the mercury moiety. 
Only a small portion of the positive charge resides on the more substituted carbon atom. 
The charge is large enough to account for the observed Markovnikov addition, but it is too 
small to allow the usual rapid carbon skeleton rearrangements that take place with more 
fully developed carbocations. 

Although attack by water on the bridged mercurinium ion leads to anti addition of the 
hydroxyl and mercury groups, the reaction that replaces mercury with hydrogen is not 
stereocontrolled (it likely involves radicals; see Chapter 10). This step scrambles the over- 
all stereochemistry. 


@ The net result of oxymercuration-demercuration is a mixture of syn and anti addi- 
tion of —H and —OH to the alkene. 


9 As already noted, oxymercuration-demercuration takes place with Markovnikov 
regiochemistry. 


Write the structure of the appropriate alkene and specify the reagents needed for synthesis 
of the following alcohols by oxymercuration-demercuration: 


(a) XT (b) pa (c) OX : 


When an alkene is treated with mercuric trifluoroacetate, Hg(O2CCF3)o, in THF contain- 
ing an alcohol, ROH, the product is an (alkoxyalkyl)mercury compound. Treating this prod- 
uct with NaBH,/OH results in the formation of an ether. 


€ When a solvent molecule acts as the nucleophile in the oxymercuration step the over- 
all process is called solvomercuration—demercuration: 


RO RO 
`c d Hg(O;CCF;)/THF-ROH . «d d. NaBH,, OH- EN 
S \ solvomercuration | | demercuration | | 
HgO,CCF, 
Alkene (Alkoxyalkyl)mercuric Ether 


trifluoroacetate 
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(a) Outline a likely mechanism for the solvomercuration step of the ether synthesis just shown. Review Problem 8.10 


(b) Show how you would use solvomercuration-demercuration to prepare tert-butyl methyl 
ether. (с) Why would one use Hg(O2CCF3)o instead of Hg(OAc)2? 


8.7 Alcohols from Alkenes through Hydroboration-Oxidation: 
Anti-Markovnikov Syn Hydration 


€ Anti-Markovnikov hydration of a double bond can be achieved through the use of 
diborane (B2Hg) or a solution of borane in tetrahydrofuran (BHa:THF). 


The addition of water is indirect in this process, and two reactions are involved. The first 
is the addition of a boron atom and hydrogen atom to the double bond, called hydrobora- 
tion; the second is oxidation and hydrolysis of the alkylborane intermediate to an alcohol 
and boric acid. The anti-Markovnikov regiochemistry of the addition is illustrated by the 
hydroboration-oxidation of propene: 


3^ BHSTHE __. (o B Hj0/OH , 4 “он 
hydroboration . : oxidation 
Propene Tripropylborane 1-Propanol 


ө Hydroboration-oxidation takes place with syn stereochemistry, as well as anti- 
Markovnikov regiochemistry. 


This can be seen in the following example with 1-methylcyclopentene: 


(1) BH, :THF CH; 


СЊ 7o H,0,, HO- 


H 
H OH 


In the following sections we shall consider details of the mechanism that lead to the anti- 
Markovnikov regiochemistry and syn stereochemistry of hydroboration-oxidation. 


8.8 Hydroboration: Synthesis of Alkylboranes 


Hydroboration of an alkene is the starting point for a number of useful synthetic proce- N Brown's discovery of 


: у Я у 5 : ў hydroboration led to hi 
dures, including the anti-Markovnikov syn hydration procedure we have just mentioned. eda sd probi 


Hydroboration was discovered by Herbert C. Brown (Purdue University), and it can be rep- — of the 1979 Nobel Prize in 


resented in its simplest terms as follows: Chemistry. 
NER. # i | | 
C=C 4 H—B hydroboration сс 
a N E | | 
H BN 
Alkene Boron hydride Alkylborane 


Hydroboration can be accomplished with diborane (B2He), which is a gaseous dimer of 
borane (BH3), or more conveniently with a reagent prepared by dissolving diborane in THF. 
When diborane is introduced to THF, it reacts to form a Lewis acid—base complex of borane 
(the Lewis acid) and THF. The complex is represented as BH3:THF. 


| 
BH, + 2:0: са aue. | 
H 


Diborane THF BH,: THF 
(tetrahydrofuran) 
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More Less 
substituted substituted 
carbon carbon 


Er d 


H—BH, 


— 
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Solutions containing the BH3:THF complex can be obtained commercially. Hydroboration 
reactions are usually carried out in ethers: either in diethyl ether, (СНаСН2)0, or in some 
higher molecular weight ether such as “diglyme” [(CH30CH2CH2)20, diethylene glycol 
dimethyl ether]. Great care must be used in handling diborane and alkylboranes because 
they ignite spontaneously in air (with a green flame). The solution of BH3:THF must be 
used in an inert atmosphere (e.g., argon or nitrogen) and with care. 


8.8A Mechanism of Hydroboration 


When a terminal alkene such as propene is treated with a solution containing BH3:THF, 
the boron hydride adds successively to the double bonds of three molecules of the alkene 
to form a trialkylborane: 


H H 
B^ i 2 
ре, ЕС EAM 
H У (2nd equiv.) т B (8rd equiv.) Y B 
| 


H H H 


H 
Tripropylborane 


€ In each addition step the boron atom becomes attached to the less substituted car- 
bon atom of the double bond, and a hydrogen atom is transferred from the boron 
atom to the other carbon atom of the double bond. 


€ Hydroboration is regioselective and it is anti-Markovnikov (the hydrogen atom 
becomes attached to the carbon atom with fewer hydrogen atoms). 


Other examples that illustrate the tendency for the boron atom to become attached to 
the less substituted carbon atom are shown here. The percentages designate where the boron 


atom becomes attached. 
=o ak 
1% 19 J Ge 
99% 98% 
These percentages, indicating where boron becomes attached in reactions 
using these starting materials, illustrate the tendency for boron to bond 
at the less substituted carbon of the double bond. 

This observed attachment of boron to the less substituted carbon atom of the double bond 
seems to result in part from steric factors—the bulky boron-containing group can approach 
the less substituted carbon atom more easily. 

In the mechanism proposed for hydroboration, addition of BHs to the double bond begins 
with a donation of 7 electrons from the double bond to the vacant p orbital of ВНз (see 
the mechanism on the following page). In the next step this complex becomes the addition 
product by passing through a four-atom transition state in which the boron atom is partially 
bonded to the less substituted carbon atom of the double bond and one hydrogen atom is 
partially bonded to the other carbon atom. As this transition state is approached, electrons 
shift in the direction of the boron atom and away from the more substituted carbon atom 
of the double bond. This makes the more substituted carbon atom develop a partial posi- 
tive charge, and because it bears an electron-releasing alkyl group, it is better able to 
accommodate this positive charge. Thus, electronic factors also favor addition of boron at 
the least substituted carbon. 


Ф Overall, both electronic and steric factors account for the anti-Markovnikov orien- 
tation of the addition. 


8.8 Hydroboration: Synthesis of Alkylboranes 349 


A MECHANISM FOR THE REACTION 


Hydroboration 
H H Нас. uH НС, o H HC, H НС, H 
Be o 2 HY x “н Heidt AH He. — AH 
i — — — a == 
~ H—p. n H pep H-- ET H Pon 
Hp H H H H 
NH 
at Complex Four-atom concerted Syn addition of H and B 


transition state 


Addition takes place through the initial formation of a m complex, which changes into a cyclic 
four-atom transition state with the boron adding to the less hindered carbon atom. The dashed 

bonds in the transition state represent bonds that are partially formed or partially broken. The transition 
state results in syn addition of the hydrogen and boron group, leading to an alkylborane. The other 

B-H bonds of the alkylborane can undergo similar additions, leading finally to a trialkylborane. 


An orbital view of hydroboration 


ЊУ AS 


| f) Ф | EE 
Ha 
———> | — 


H Syn addition of 


B-H c bond at Complex hydrogen and boron 
(donation of Four-atom 
Borane vacant alkene 7 electron concerted 
p orbital density to the transition state 
vacant boron p (results in syn 
orbital) addition) 


8.8B Stereochemistry of Hydroboration 


@ The transition state for hydroboration requires that the boron atom and the hydro- 
gen atom add to the same face of the double bond: 


Stereochemistry of Hydroboration 


“ny, КУ 


+ syn addition 


We can see the results of a syn addition in our example involving the hydroboration of 
1-methylcyclopentene. Formation of the enantiomer, which is equally likely, results when 
the boron hydride adds to the top face of the 1-methylcyclopentene ring: 

" CH, 
syn addition 


CH, anti-Markovnikov + enantiomer 


H^ ^H 
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Review Problem 8.11 


Review Problem 8.12 
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Specify the alkene needed for synthesis of each of the following alkylboranes by 
hydroboration: 


(d) Show the stereochemistry involved in the hydroboration of 1-methylcyclohexene. 


Treating a hindered alkene such as 2-methyl-2-butene with BHa:THF leads to the forma- 
tion of a dialkylborane instead of a trialkylborane. When 2 mol of 2-methyl-2-butene is 
added to 1 mol of BHs, the product formed is bis(3-methyl-2-butyl)borane, nicknamed “disi- 
amylborane.” Write its structure. Bis(3-methyl-2-butyl)borane is a useful reagent in certain 
syntheses that require a sterically hindered borane. (The пате “disiamyl” comes from “di- 
secondary-iso-amyl,” a completely unsystematic and unacceptable name. The name “amyl” 
is an old common name for a five-carbon alkyl group.) 


8.9 Oxidation and Hydrolysis of Alkylboranes 


The alkylboranes produced in the hydroboration step are usually not isolated. They are oxi- 
dized and hydrolyzed to alcohols in the same reaction vessel by the addition of hydrogen 
peroxide in an aqueous base: 


H20, aq. NaOH, 25°C 
(oxdidation and hydrolysis) 


R3B 3R—OH + B(ONa), 


© The oxidation and hydrolysis steps take place with retention of configura- 
tion at the carbon initially bearing boron and ultimately bearing the hydroxyl 


group. 


We shall see how this occurs by considering the mechanisms of oxidation and 
hydrolysis. 

Alkylborane oxidation begins with addition of a hydroperoxide anion (HOO ) to the 
trivalent boron atom. An unstable intermediate is formed that has a formal negative charge 
on the boron. Migration of an alkyl group with a pair of electrons from the boron to the 
adjacent oxygen leads to neutralization of the charge on boron and displacement of a hydrox- 
ide anion. The alkyl migration takes place with retention of configuration at the migrating 
carbon. Repetition of the hydroperoxide anion addition and migration steps occurs twice 
more until all of the alkyl groups have become attached to oxygen atoms, resulting in a tri- 
alkyl borate ester, B(OR)3. The borate ester then undergoes basic hydrolysis to produce three 
molecules of the alcohol and an inorganic borate anion. 
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A MECHANISM FOR THE REACTION 


Oxidation of Trialkylboranes 


| А m R—O 
SE a - T ee га = 50 R t 
ГЕКЕ Е —— | ЕЕ РЕВЕ Е Е B—Ö—R 
N s + 5 + # ve .. sequence ' # 
R R R twice R—O 
Trialkyl- Hydroperoxide Unstable intermediate Borate ester 
borane ion 
The boron atom accepts an electron An alkyl group migrates from boron to the 
pair from the hydroperoxide ion to adjacent oxygen atom as a hydroxide ion departs. 
form an unstable intermediate. The configuration at the migrating carbon 


remains unchanged. 


Hydrolysis of the Borate Ester 


R 
PE = # ЕС К = 
R о: P R—O. Co: R Or И R 9 
B—O: — p — pd 3P :O—R ЕЕЕ- то + :O—R 
в—о Ка = R—o^ | в—о: H«—^ в—о: H 
Trialkyl borate ` | | H Alcohol 
ester H 
Hydroxide anion An alkoxide anion Proton transfer completes the 
attacks the boron atom departs from the borate formation of one alcohol 
of the borate ester. anion, reducing the molecule. The sequence repeats 
formal change on boron until all three alkoxy groups are 
to zero. released as alcohols and 


inorganic borate remains. 


8.9A Regiochemistry and Stereochemistry of Alkylborane 
Oxidation and Hydrolysis 
€ Hydroboration-oxidation reactions are regioselective; the net result of hydrobora- 


tion—oxidation is anti-Markovnikov addition of water to an alkene. 


€ Asa consequence, hydroboration-oxidation gives us a method for the preparation 
of alcohols that cannot normally be obtained through the acid-catalyzed hydration 
of alkenes or by oxymercuration-demercuration. 


For example, the acid-catalyzed hydration (or oxymercuration-demercuration) of 1-hex- 
ene yields 2-hexanol, the Markovnikov addition product. 


OH 
Em H,0*, H,O и 
1-Нехепе 2-Нехапо! 


In contrast, hydroboration-oxidation of 1-hexene yields 1-hexanol, the anti-Markovnikov 


product. 
ИРИНА (1) BH, : THF И ИН 
BEC 
1-Hexene 1-Hexanol (90%) 


-€-—— (1) BH, : THF 

MÀ 

p (2) H,0,, HO- 
OH 


2-Methyl-2-butene 3-Methyl-2-butanol 
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Figure 8.3 The 
hydroboration-oxidation of 
1-methylcyclopentene. The first 
reaction is a syn addition of 
borane. In this illustration 

we have shown the boron 

and hydrogen entering 

from the bottom side of 
1-methylcyclopentene. 

The reaction also takes place 
from the top side at an equal 
rate to produce the enantiomer. 
In the second reaction the boron 
atom is replaced by a hydroxyl 
group with retention of 
configuration. The product is 
trans-2-methylcyclopentanol, 
and the overall result is the syn 
addition of —H and — OH. 


Review Problem 8.13 


Solved Problem 8.3 
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€ Hydroboration-oxidation reactions are stereospecific; the net addition of —H and 
— OH is syn, and if chirality centers are formed, their configuration depends on 
the stereochemistry of the starting alkene. 


Because the oxidation step in the hydroboration-oxidation synthesis of alcohols takes 
place with retention of configuration, the hydroxyl group replaces the boron atom where 
it stands in the alkylboron compound. The net result of the two steps (hydroboration and 
oxidation) is the syn addition of —H and —OH. We can review the anti-Markovnikov and 
syn aspects of hydroboration-oxidation by considering the hydration of 1-methyl- 


cyclopentene, as shown in Fig. 8.3. 
. BH;THF , : THF 
CH, 7 НуагоБогайоп: ^ 
Anti-Markovnikov апа 
syn addition 
H y 
( | CH, ~ X 


+ enantiomer 


H . HO, HO- HO- 
"Oxidation: — 
Boron group is 
replaced with 
retention of 
configuration 


+ enantiomer 


Specify the appropriate alkene and reagents for synthesis of each of the following alcohols 
by hydroboration-oxidation. 


(a) o~n a OH ) О o (c) OH 
(d) © cH © он 
ÓH "oH 


Outline a method for carrying out the following conversion. 


OH 
i 
OH 


1-Phenylethanol 2-Phenylethanol 


STRATEGY AND ANSWER Working backward we realize we could synthesize 2-phenylethanol by hydroboration— 
oxidation of phenylethene (styrene), and that we could make phenylethene by dehydrating 1-phenylethanol. 


Ma" 


(1) BH: THF _ 
72) н,0, HO 


OH 
HSO, 
ЕИ (24 4 CM 


Phenylethene 
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8.11 Protonolysis of Alkylboranes 


8.10 Summary of Alkene Hydration Methods 


The three methods we have studied for alcohol synthesis by addition reactions to alkenes 
have different regiochemical and stereochemical characteristics. 


1. Acid-catalyzed hydration of alkenes takes place with Markovnikov regiochemistry 
but may lead to a mixture of constitutional isomers if the carbocation intermediate 
in the reaction undergoes rearrangement to a more stable carbocation. 


2. Oxymercuration-demercuration occurs with Markovnikov regiochemistry and results 
in hydration of alkenes without complication from carbocation rearrangement. It is 
often the preferred choice over acid-catalyzed hydration for Markovnikov addition. 
The overall stereochemistry of addition in acid-catalyzed hydration and oxymercu- 
ration-demercuration is not controlled—they both result in a mixture of cis and trans 
addition products. 

3. Hydroboration-oxidation results in anti-Markovnikov and syn hydration of an 
alkene. 


The complementary regiochemical and stereochemical aspects of these methods provide 
useful alternatives when we desire to synthesize a specific alcohol by hydration of an 
alkene. We summarize them here in Table 8.1. 


CCID =~ ) Summary of Methods for Converting an Alkene to an Alcohol 


Reaction Regiochemistry Stereochemistry? Occurrence of Rearrangements 
Acid-catalyzed hydration Markovnikov addition Not controlled Frequent 
Oxymercuration-demercuration Markovnikov addition Not controlled Seldom 
Hydroboration-oxidation Anti-Markovnikov Stereospecific: Seldom 
addition syn addition of 
H— and —OH 


°All of these methods produce racemic mixtures in the absence of a chiral influence. 


8.11 Protonolysis of Alkylboranes 


Heating an alkylborane with acetic acid causes cleavage of the carbon-boron bond and 
replacement with hydrogen: 


/ / 
п-в! 59", рн + cH.co,—8 
N heat N 


Alkylborane Alkane 


€ Protonolysis of an alkylborane takes place with retention of configuration; hydro- 
gen replaces boron where it stands in the alkylborane. 


@ The overall stereochemistry of hydroboration-protonolysis, therefore, is syn (like 
that of the oxidation of alkylboranes). 


Hydroboration followed by protonolysis of the resulting alkylborane can be used as an alter- 
native method for hydrogenation of alkenes, although catalytic hydrogenation (Section 7.13) 
is the more common procedure. Reaction of alkylboranes with deuterated or tritiated acetic 
acid also provides a very useful way to introduce these isotopes into a compound in a spe- 
cific way. 


354 Chapter 8 Alkenes and Alkynes || 


Review Problem 8.14 Starting with any needed alkene (or cycloalkene) and assuming you have deuterioacetic acid 
(CH3CO2D) available, outline syntheses of the following deuterium-labeled compounds. 


CH, 
(a) (CHg);CHCH;CH;D (b) (CHs)2CHCHDCH3 (е) <> (+ enantiomer) 
р 


(d) Assuming you also have available BD3: THF and СНзСО»Т, can you suggest a synthesis 
of the following? 


D 


CH; 


T (+ enantiomer) 


8.12 Electrophilic Addition of Bromine and Chlorine to Alkenes 


Alkenes react rapidly with bromine and chlorine in nonnucleophilic solvents to form vic- 
inal dihalides. An example is the addition of chlorine to ethene. 


ак a 
О == E NS 
H ü H CI 
Ethene 1,2-Dichloroethane 


This addition is a useful industrial process because 1,2-dichloroethane can be used as a sol- 
vent and can be used to make vinyl chloride, the starting material for poly(vinyl chloride). 


Cl H Н. Н 
| | E2 "s T j^ polymerization | | 
H—C—C—H E JM С (see Section 10.10) TT 
на PRAE S a H CI 
n 
1,2-Dichloroethane Vinyl chloride Poly(vinyl chloride) 


Other examples of the addition of halogens to a double bond are the following: 


Cl 
Cl, T 


CI 
trans-2-Butene meso-1,2-Dichlorobutane 
Br 
B 
E. = LL Br 
-5°C " 
"Br Br 
Cyclohexene trans-1,2-Dibromocyclohexane 


(racemic) 
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8.12 Electrophilic Addition of Bromine and Chlorine to Alkenes 


These two examples show an aspect of these additions that we shall address later when we 
examine a mechanism for the reaction: The addition of halogens is an anti addition to 
the double bond. 

When bromine is used for this reaction, it can serve as a test for the presence of car- 
bon-carbon multiple bonds. If we add bromine to an alkene (or alkyne, see Section 8.18), 
the red-brown color of the bromine disappears almost instantly as long as the alkene (or 
alkyne) is present in excess: 


Br 
NL rca | | — је 
C=C + Br, ‘oom temperature =O= apid decolorization 

/ N in the dark, CCl, | | of Br/CCI, is a 

Br positive test for 
An alkene vic-Dibromide gite and 
(colorless) (a colorless alkynes. 

compound) 


This behavior contrasts markedly with that of alkanes. Alkanes do not react appreciably 
with bromine or chlorine at room temperature and in the absence of light. When alkanes 
do react under those conditions, however, it is by substitution rather than addition and by 
a mechanism involving radicals that we shall discuss in Chapter 10: 


room temperature 
— РӘ Да 
R—H + Br, in the dark, CCI, 
Alkane Bromine 


(colorless) (red-brown) 


no appreciable reaction 


8.12A Mechanism of Halogen Addition 


A possible mechanism for the addition of a bromine or chlorine to an alkene is one that 
involves the formation of a carbocation. 


Br "ON Br Br 
porc > l 7 + :Вг: > | | 


„~ ON | L| 


Although this mechanism is similar to ones we have studied earlier, such as the addition 
of H—X to an alkene, it does not explain an important fact. As we have just seen (in Section 
8.12) the addition of bromine or chlorine to an alkene is an anti addition. 

The addition of bromine to cyclopentene, for example, produces trans-1,2-dibromo- 
cyclopentane, not cis-1,2-dibromocyclopentane. 


Br Br Br 
.. .. ti 
NC + cs D. x not C 
= ^ addition 
Br 
trans-1,2-Dibromocyclopentane cis-1,2-Dibromocyclohexane 
(as a racemic mixture) (a meso compound) 


A mechanism that explains anti addition is one in which a bromine molecule transfers 
a bromine atom to the alkene to form a cyclic bromonium ion and a bromide ion, as shown 
in step 1 of “A Mechanism for the Reaction" that follows. The cyclic bromonium ion causes 
net anti addition, as follows. 

In step 2, a bromide ion attacks the back side of either carbon 1 or carbon 2 of the bromo- 
nium ion (an Sy2 process) to open the ring and produce the trans-1,2-dibromide. Attack 
occurs from the side opposite the bromine of the bromonium ion because attack from 
this direction is unhindered. Attack at the other carbon of the cyclic bromonium ion pro- 
duces the enantiomer. 
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A MECHANISM FOR THE REACTION 


Addition of Bromine to an Alkene 


Step 1 Step 2 6 
= = E = = : Br: 
Wn, EN aŬ P SES * Ў e * А 
omo. = C—C + :Br: SG dE :Вг: — р Ес + enantiomer 
A S S 
+: Br: Br Br :Br 
[2 + + 
ô- :Br: 
Bromonium ion Bromide ion Bromonium ion Bromide ion vic-Dibromide 
As a bromine molecule approaches an alkene, the A bromide anion attacks at the back side of one carbon 
electron density of the alkene т bond repels (or the other) of the bromonium ion in ап 5,2 reaction, 
electron density in the closer bromine, causing the ring to open and resulting in the 
polarizing the bromine molecule and making formation of a vic-dibromide. 


the closer bromine atom electrophilic. The alkene 
donates a pair of electrons to the closer bromine, 
causing displacement of the distant bromine atom. 
As this occurs, the newly bonded bromine atom, 
due to its size and polarizability, donates 

an electron pair to the carbon that would 
otherwise be a carbocation, thereby stabilizing 

the positive charge by delocalization. The result is 
a bridged bromonium ion intermediate. 


This process is shown for the addition of bromine to cyclopentene below. 


8- Br: 
N 
ô+ :Br: gTa 
"m Br 
— LOY + ве 
Cyclic Bromide 
bromonium ion ion 
Plane of symmetry 
, 
7Br Br Br 
a+ Oy — S + C 
"m b " 
152 
: Br Br 
Cyclic 
bromonium ion trans-1,2-Dibromocyclopentane 


(as a racemic mixture) 


Attack at either carbon of the cyclopentene bromonium ion is equally likely because the 
cyclic bromonium ion is symmetric. It has a vertical plane of symmetry passing through 
the bromine atom and halfway between carbons 1 and 2. The trans-dibromide, therefore, 
is formed as a racemic mixture. 

The mechanisms for addition of Clo and 12 to alkenes are similar to that for Bro, involv- 
ing formation and ring opening of their respective halonium ions. 

As with bridged mercurinium ions, the bromonium ion does not necessarily have sym- 
metrical charge distribution at its two carbon atoms. If one carbon of the bromonium ion 


8.12 Electrophilic Addition of Bromine and Chlorine to Alkenes 


Dactylyne, a halogenated 
marine natural product. 


The world's oceans are a vast storehouse of dissolved halide 
ions. The concentration of halides in the ocean is approxi- 
mately 0.5 M in chloride, 1 mM in bromide, and 1 uM in 
iodide ions. Perhaps it is not surprising, then, that marine 
organisms have incorporated halogen atoms into the struc- 
tures of many of their metabolites. Among these are such 


Halomon 


B Ги, aC | 


Dactylyne 


The biosynthesis of certain halogenated marine natural 
products is intriguing. Some of their halogens appear to 
have been introduced as electrophiles rather than as Lewis 
bases or nucleophiles, which is their character when they are 
solutes in seawater. But how do marine organisms transform 
nucleophilic halide anions into electrophilic species for incor- 
poration into their metabolites? It happens that many marine 
organisms have enzymes called haloperoxidases that convert 
nucleophilic iodide, bromide, or chloride anions into elec- 
trophilic species that react like |“, Br”, or СТ“. In the biosyn- 
thetic schemes proposed for some halogenated natural 
products, positive halogen intermediates are attacked by 


Tetrachloromertensene 
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THE CHEMISTRY OF... 


The Sea: A Treasury of Biologically Active Natural Products 


intriguing polyhalogenated compounds as halomon, dacty- 
lyne, tetrachloromertensene, (3E)-laureatin, and (3R)- and 
(3S)-cyclocymopol. Just the sheer number of halogen atoms 
in these metabolites is cause for wonder. For the organisms 
that make them, some of these molecules are part of 
defense mechanisms that serve to promote the species’ sur- 
vival by deterring predators or inhibiting the growth of com- 
peting organisms. For humans, the vast resource of marine 
natural products shows ever-greater potential as a source of 
new therapeutic agents. Halomon, for example, is in pre- 
clinical evaluation as a cytotoxic agent against certain tumor 
cell types, dactylyne is an inhibitor of pentobarbital metab- 
olism, and the cyclocymopol enantiomers show agonistic or 
antagonistic effects on the human progesterone receptor, 
depending on which enantiomer is used. 


OCH, 
Br 


OH 
Cyclocymopol monomethyl ether 


Br 


Br 
(SE)-Laureatin 


electrons from the т bond of an alkene or alkyne in what is 
called an addition reaction. 

The final Learning Group Problem for this chapter asks 
you to propose a scheme for biosynthesis of the marine nat- 
ural product kumepaloxane by electrophilic halogen addi- 
tion. Kumepaloxane is a fish antifeedant synthesized by the 
Guam bubble snail Haminoea cymbalum, presumably as a 
defense mechanism for the snail. In later chapters we shall 
see other examples of truly remarkable marine natural prod- 
ucts, such as brevetoxin B, associated with deadly "red 
tides," and eleutherobin, a promising anticancer agent. 


is more highly substituted than the other, and therefore able to stabilize positive charge 
better, it may bear a greater fraction of positive charge than the other carbon (i.e., the 
positively charged bromine draws electron density from the two carbon atoms of the ring, 
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but not equally if they are of different substitution). Consequently, the more positively 
charged carbon may be attacked by the reaction nucleophile more often than the other 
carbon. However, in reactions with symmetrical reagents (e.g., Bro, Clo, and l2) there is 
no observed difference. (We shall discuss this point further in Section 8.14, where we 
will study a reaction where we can discern regioselectivity of attack on a halonium ion 
by the nucleophile.) 


8.13 Stereospecific Reactions 


The anti addition of a halogen to an alkene provides us with an example of what is called 
a stereospecific reaction. 


9 A reaction is stereospecific when a particular stereoisomeric form of the starting mater- 
lal reacts by a mechanism that gives a specific stereoisomeric form of the product. 


Consider the reactions of cis- and trans-2-butene with bromine shown below. When 
trans-2-butene adds bromine, the product is the meso compound, (2R,3S)-2,3-dibromobutane. 
When cis-2-butene adds bromine, the product is a racemic mixture of (2R,3R)-2,3- 
dibromobutane and (25,35)-2,3-dibromobutane: 


Reaction 1 
H CH3 Br [s Br | Br 
= Br, = NEN 
CCl, н“ = HY | YH 
СНз H cH, Br CH3! CHs 
trans-2-Butene (2R,3S)-2,3-Dibromobutane 
(a meso compound) 
Reaction 2 
H H 
H H Br E = Вг 
Br, £,CHs CHsa 
4 
cis-2-Butene (28,38) (25,35) 


(а pair of enantiomers) 


The reactants cis-2-butene and trans-2-butene are stereoisomers; they are diastereomers. 
The product of reaction 1, (2R,3S)-2,3-dibromobutane, is a meso compound, and it is a 
stereoisomer of both of the products of reaction 2 (the enantiomeric 2,3-dibromobutanes). Thus, 
by definition, both reactions are stereospecific. One stereoisomeric form of the reactant (e.g., 
trans-2-butene) gives one product (the meso compound), whereas the other stereoisomeric form 
of the reactant (cis-2-butene) gives a stereoisomerically different product (the enantiomers). 

We can better understand the results of these two reactions if we examine their mecha- 
nisms. The first mechanism in the following box shows how cis-2-butene adds bromine to 
yield intermediate bromonium ions that are achiral. (The bromonium ion has a plane of 
symmetry.) These bromonium ions can then react with bromide ions by either path (a) or 
path (b). Reaction by path (a) yields one 2,3-dibromobutane enantiomer; reaction by path 
(b) yields the other enantiomer. The reaction occurs at the same rate by either path; there- 
fore, the two enantiomers are produced in equal amounts (as a racemic form). 

The second mechanism in the box shows how trans-2-butene reacts at the bottom face 
to yield an intermediate bromonium ion that is chiral. (Reaction at the other face would 
produce the enantiomeric bromonium ion.) Reaction of this chiral bromonium ion (or its 
enantiomer) with a bromide ion either by path (a) or by path (b) yields the same achiral 
product, meso-2,3-dibromobutane. 
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THE STEREOCHEMISTRY OF THE REACTION 


Addition of Bromine to cis- and trans-2-Butene 


cis-2-Butene reacts with bromine to yield the enantiomeric 2,3-dibromobutanes by the following mechanism: 


Br H 
Br:- (8) ` = CH; 
m Hw 9 
H ic g H CH, Br 
Ina aH CH. ХСН; (2R,3R)-2,3-Dibromobutane 
C=C = === EE (chiral) 
to cH „ 
с) % (Nt) 3 
&5 Br* A r 
: Br amie (o) CH. 
al Bromonium ion ELA puc “иН 
5 Вг 105 (achiral) Br CH, 
(2S,3S)-2,3-Dibromobutane 
(chiral) 
cis-2-Butene reacts with bromine The bromonium ion reacts with the 
to yield an achiral bromonium ion bromide ions at equal rates by paths 
and a bromide ion. [Reaction at the (a) and (b) to yield the two 
other face of the alkene (top) would enantiomers in equal amounts 
yield the same bromonium ion.] (i.e., as the racemic form). 


trans-2-Butene reacts with bromine to yield meso-2,3-dibromobutane. 


Br CH; 
:Br:- dee “осн 
(8) (5) "e D 
CH H s 3 CH, Ол И 
На, AUS CHa SH (P,S)-2,3-Dibromobutane 
C=C —— С—С с теѕо 
ov Ny ( ) 
CHS ( ) (a) Wa (b) 7 E 
: Bré?* gi (b) | CHal А 
С! Bromonium ion i yo NCH; 
: Br:o- (chiral) Br H 
(H,S)-2,3-Dibromobutane 
(meso) 
Мом / 
trans-2-Butene reacts with bromine When the bromonium ions react by 
to yield chiral bromonium ions and either path (a) or path (b), they yield 
bromide ions. [Reaction at the other the same achiral meso compound. 
face (top) would yield the enantiomer (Reaction of the enantiomer of the 
of the bromonium ion as shown here.] intermediate bromonium ion would 


produce the same result.) 


8.14 Halohydrin Formation 


@ When the halogenation of an alkene is carried out in aqueous solution, rather than 
in a non-nucleophilic solvent, the major product is a halohydrin (also called a 
halo alcohol) instead of a vic-dihalide. 


Molecules of water react with the halonium ion intermediate as the predominant nucleophile 
because they are in high concentration (as the solvent). The result is formation of a halo- 
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hydrin as the major product. If the halogen is bromine, it is called a bromohydrin, 
and if chlorine, a chlorohydrin. 


| Iu | 1 
eii a X, + HO — —C—C + —C—C— + HX 
„~ | | | | 

X 

X = Cl or Br Halohydrin vic-Dihalide 

(major) (minor) 


Halohydrin formation can be described by the following mechanism. 


A MECHANISM FOR THE REACTION 


Halohydrin Formation from an Alkene 


ш, КУ a ^ Y: 


Step 1 OC = С—С + 3X: 
s је“ МЕ .. 
lee, E TA 
:X :6– Halonium ion Halide ion 


This step is the same as for halogen addition to 
an alkene (see Section 8.124). 


Sens 2 сасе Oo He ce ee Е-Е СЕЕ 


М | T V СИВ | 
апа 3 хе H x C H 
v 
Halonium ion Protonated Halohydrin 
halohydrin 

Here, however, a water molecule acts as The protonated halohydrin loses a 

the nucleophile and attacks a carbon of the proton (it is transferred to a 

ring, causing the formation of a molecule of water). This step 

protonated halohydrin. produces the halohydrin and 


hydronium ion. 


The first step is the same as that for halogen addition. In the second step, however, the 
two mechanisms differ. In halohydrin formation, water acts as the nucleophile and attacks 
one carbon atom of the halonium ion. The three-membered ring opens, and a protonated 
halohydrin is produced. Loss of a proton then leads to the formation of the halohydrin itself. 


Review Problem 8.15 Write a mechanism to explain the following reaction. 
OQ $C “ 
HO T 
он OH 


(as a racemic mixture) 


@ If the alkene is unsymmetrical, the halogen ends up on the carbon atom with the 
greater number of hydrogen atoms. 
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Bonding in the intermediate bromonium ion is unsymmetrical. The more highly substituted 
carbon atom bears the greater positive charge because it resembles the more stable carbo- 
cation. Consequently, water attacks this carbon atom preferentially. The greater positive 
charge on the tertiary carbon permits a pathway with a lower free energy of activation even 
though attack at the primary carbon atom is less hindered: 


(73%) 


nu 
Ц 
tO: 
D 


When ethene gas is passed into an aqueous solution containing bromine and sodium chlo- Review Problem 8.16 
ride, the products of the reaction are the following: 


B B B 
Bw Br Gi ROA S 


Write mechanisms showing how each product is formed. 


8.15 Divalent Carbon Compounds: Carbenes 


There is a group of compounds in which carbon forms only two bonds. These neutral diva- 
lent carbon compounds are called carbenes. Most carbenes are highly unstable compounds 
that are capable of only fleeting existence. Soon after carbenes are formed, they usually 
react with another molecule. The reactions of carbenes are especially interesting because, 
in many instances, the reactions show a remarkable degree of stereospecificity. The reac- 
tions of carbenes are also of great synthetic use in the preparation of compounds that have 
three-membered rings, for example, bicyclo[4.1.0]heptane, shown at right. 


8.15A Structure and Reactions of Methylene 


Bicyclo[4.1.0]heptane. 


The simplest carbene is the compound called methylene (:CH2). Methylene can be pre- 
pared by the decomposition of diazomethane (CH2Np), a very poisonous yellow gas. This 
decomposition can be accomplished by heating diazomethane (thermolysis) or by irradi- 
ating it with light of a wavelength that it can absorb (photolysis): 


heat 
or light Я 


= + 
:CH; = :CH, + :М№=М: 


Diazomethane Methylene Nitrogen 


The structure of diazomethane is actually a resonance hybrid of three structures: 
:CH,—N—N: < CH,—N—N: — :CH,—N=N: 
І ll Ш 


We һауе chosen resonance structure I to illustrate the decomposition of diazomethane 
because with I it is readily apparent that heterolytic cleavage of the carbon-nitrogen bond 
results in the formation of methylene and molecular nitrogen. 

Methylene reacts with alkenes by adding to the double bond to form cyclopropanes: 


N / N / 
C=C + CH, — С—С 

Pat e oe. ZEN 
C 

H^ OH 


Alkene Methylene Cyclopropane 
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Review Problem 8.18 


Review Problem 8.19 
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8.15B Reactions of Other Carbenes: Dihalocarbenes 


Dihalocarbenes are also frequently employed in the synthesis of cyclopropane derivatives 
from alkenes. Most reactions of dihalocarbenes are stereospecific: 


The addition of :CX, is 
stereospecific. If the R groups 
of the alkene are trans, they 
will be trans in the product. 
(If the R groups were initially 
cis, they would be cis in 
the product.) 


20 


+ епапііотег 


Dichlorocarbene can be synthesized by the « elimination of the elements of hydrogen 
chloride from chloroform. [The hydrogen of chloroform is mildly acidic (pK, ~ 24) due 
to the inductive effect of the chlorine atoms.] This reaction resembles the f9-elimination reac- 
tions by which alkenes are synthesized from alkyl halides (Section 6.15): 

R—O:-K* + H:CCl, == R—O:H + Сб + КУ c ‘CCl + Cl? 
Dichlorocarbene 


Compounds with a B hydrogen react by B elimination preferentially. Compounds with no 
В hydrogen but with an а hydrogen (such as chloroform) react by а elimination. 

A variety of cyclopropane derivatives have been prepared by generating dichlorocarbene 
in the presence of alkenes. Cyclohexene, for example, reacts with dichlorocarbene gener- 
ated by treating chloroform with potassium fert-butoxide to give a bicyclic product: 


KOC(CHj), 
> 
CHCI, 


7,7-Dichlorobicyclo[4.1.0]heptane 
(59%) 


8.15C Carbenoids: The Simmons-Smith Cyclopropane 
Synthesis 
A useful cyclopropane synthesis was developed by H. E. Simmons and R. D. Smith of the 
DuPont Company. In this synthesis diiodomethane and a zinc-copper couple are stirred 
together with an alkene. The diiodomethane and zinc react to produce a carbene-like species 
called a carbenoid: 

СН + Zn(Cu) —— ICH;Znl 

A carbenoid 


The carbenoid then brings about the stereospecific addition of a CH» group directly to the 
double bond. 


What products would you expect from each of the following reactions? 
(a) t-BuOK (b) (c) 
Ow MM t-BuOK CH,1,/Zn(Cu) 
CHCI, АЕ mu CL NM 
CHBr, diethyl ether 


Starting with cyclohexene and using any other needed reagents, outline a synthesis of 7,7- 
dibromobicyclo[4. 1.0]heptane. 


Treating cyclohexene with 1,1-diiodoethane and a zinc-copper couple leads to two isomeric 
products. What are their structures? 
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8.16 Oxidation of Alkenes: Syn 1,2-Dihydroxylation 


Alkenes undergo a number of reactions in which the carbon-carbon double bond is oxidized. 
e 1,2-Dihydroxylation is an important oxidative addition reaction of alkenes. 


Osmium tetroxide is widely used to synthesize 1,2-diols (the products of 1,2-dihydroxy- 
lation, sometimes also called glycols). Potassium permanganate can also be used, although 
because it is a stronger oxidizing agent it is prone to cleave the diol through further oxi- 
dation (Section 8.17). 


(1) OsO,, pyridine 


Cu 2) NaHSO,/H,0 o 


OH 
Propene 1,2-Propanediol 
(propylene glycol) 
OH- 


CH, =CH, + KMnO, но, cold HO OH 


Ethene 1,2-Ethanediol 
(ethylene glycol) 


8.16A Mechanism for Syn Dihydroxylation of Alkenes 


@ The mechanism for the formation of a 1,2-diol by osmium tetroxide involves a 
cyclic intermediate that results in syn addition of the oxygen atoms (see below). 


After formation of the cyclic intermediate with osmium, cleavage at the oxygen—metal bonds 
takes place without altering the stereochemistry of the two new C—O bonds. 


S. РА | | | | 
/ N pyridine / \ но | | 
(0) о 
" X OH OH 
o. 79 AEN i 
Os о о Оѕ 
@N An osmate ester 


The syn stereochemistry of this dihydroxylation can readily be observed by the reaction of 
cyclopentene with osmium tetroxide. The product is cis-1,2-cyclopentanediol. 


Вин NaHSO, 
—————— ———» 
+ 950, 25°C, pyridine H,O 
о OH OH 
h CNN d 
7 99 cis-1,2-Cyclopentanediol 
Ра No (a meso compound) 


Osmium tetroxide is highly toxic, volatile, and very expensive. For these reasons, methods 
have been developed that permit OsO, to be used catalytically in conjunction with a co-oxi- 
dant.* A very small molar percentage of OsO, is placed in the reaction mixture to do the 
dihydroxylation step, while a stoichiometric amount of co-oxidant reoxidizes the OsO, as it 


*See Nelson, D. W., et al., J. Am. Chem. Soc. 1997, 119, 1840-1858; and Corey, E. J., et al., J. Am. Chem. Soc. 
1996, 118, 319-329. 
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is used in each cycle, allowing oxidation of the alkene to continue until all has been converted 
to the diol. N-Methylmorpholine N-oxide (NMO) is one of the most commonly used co-oxi- 
dants with catalytic OsO4. The method was discovered at Upjohn Corporation in the context 


of reactions for synthesis of a prostaglandin* (Section 23.5): 


Catalytic OsO, 1,2-Dihydroxylation 


Ph „~ H H 
o OsO, (0.2%), NMO udi С Ў 
25°C Que 2 
i HHO H 
Hs N: o >95% Yield 
(used in synthesis of a 
prostaglandin) 
O 
NMO 
(stoichiometric 
co-oxidant for 
catalytic 
dihydroxylation) 
Review Problem 8.20 Specify the alkene and reagents needed to synthesize each of the following diols. 


(e) Ano: 


H OH 


“OH : 
(a) он (b) 


(racemic) (racemic) 


Solved Problem 8.4 


Explain the following facts: Treating (Z)-2-butene with OsO, in pyridine and then NaHSOs; in water gives a diol 
that is optically inactive and cannot be resolved. Treating (E)-2-butene with the same reagents gives a diol that is 
optically inactive but can be resolved into enantiomers. 


STRATEGY AND ANSWER Recall that the reaction in either instance results in syn hydroxylation of the double 
bond of each compound. Syn hydroxylation of (£)-2-butene gives a pair of enantiomers, while syn hydroxylation 
of (Z)-2-butene gives a single product that is a meso compound. 


H CH; HO он Ho E 2 
X syn-hydroxylation / 3 e 2 
=< (from top and bottom) d H Cu, CH; + Se 
H3C H H3C H HO OH 
Enantiomers 
EJ аи (separable and when 
separated, optically active) 
Symmetry plane 
KC x 
| | os 
H H HO он oe 
===, syn-hydroxylation 5 \ 5 H3C $& 2 CH3 
(from top and bottom) н““/ | {ы ! 
H3C CH3 НзС | CH3 HO i OH 
(Z)-2-Butene Identical (a meso compound) 


*Van Rheenan, V., Kelley, R. C., and Cha, D. Y., Tetrahedron Lett. 1976, 25, 1973. 
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THE CHEMISTRY OF... 


Catalytic Asymmetric Dihydroxylation 


Methods for catalytic asymmetric syn dihydroxylation have 
been developed that significantly extend the synthetic util- 
ity of dihydroxylation. K. B. Sharpless (The Scripps 
Research Institute) and co-workers discovered that addi- 
tion of a chiral amine to the oxidizing mixture leads to 
enantioselective catalytic syn dihydroxylation. Asymmetric 
dihydroxylation has become an important and widely used 
tool in the synthesis of complex organic molecules. In 
recognition of this and other advances in asymmetric oxi- 
dation procedures developed by his group (Section 
11.13), Sharpless was awarded half of the 2001 Nobel 


Asymmetric Catalytic OsO, 1,2-Dihydroxylation* 


Sharpless shared 
the 2001 Nobel 
Prize in О 


Chemistry for his 

development P 

of asymmetric Рп % OMe 
oxidation methods. 


chiral amine ligand (0.5%) 
(see below) 


MeO 


K,OsO.(OH),, (0.2%), ММО, 


Prize in Chemistry. (The other half of the 2001 prize was 
awarded to W. Knowles and R. Noyori for their develop- 
ment of catalytic asymmetric reduction reactions; see 
Section 7.14A.) The following reaction, involved in an 
enantioselective synthesis of the side chain of the anti- 
cancer drug paclitaxel (Taxol), serves to illustrate 
Sharpless's catalytic asymmetric dihydroxylation. The 
example utilizes a catalytic amount of K;OsO»(OH),, an 
OsO, equivalent, a chiral amine ligand to induce enan- 
tioselectivity, and NMO as the stoichiometric co-oxidant. 
The product is obtained in 99% enantiomeric excess (ee): 


Multiple 
steps 
OH O е) 
А —ә 
HO Ph 5 | Bd 
99% ee 2 
(72% yield) OH 
Paclitaxel side chain 
O 
Д. H.C OCOCH, 
Ph NH О 3 
H CH, OH 
A vere TE 
OMe OH < 


Но  :H ~ 
РАСЊО ғ 


H,COCO 


Paclitaxel 


A chiral amine ligand used in catalytic asymmetric dihydroxylation 
Adapted with permission from Sharpless et al., The Journal of Organic Chemistry, Vol. 59, p. 5104, 1994. Copyright 1994 American Chemical Society. 


8.17 Oxidative Cleavage of Alkenes 


Alkenes can be oxidatively cleaved using potassium permanganate or ozone (as well as 
by other reagents). Potassium permanganate (КМпОд) is used when strong oxidation is 
needed. Ozone (O3) is used when mild oxidation is desired. [Alkynes and aromatic rings 
are also oxidized by KMnO, and Оз (Sections 8.20 and 15.13D).] 


8.17A Cleavage with Hot Basic Potassium Permanganate 


@ Treatment with hot basic potassium permanganate oxidatively cleaves the double 


bond of an alkene. 


Cleavage is believed to occur via a cyclic intermediate similar to the one formed with 
osmium tetroxide (Section 8.16A) and intermediate formation of a 1,2-diol. Alkenes with 
monosubstituted carbon atoms are oxidatively cleaved to salts of carboxylic acids. 
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Disubstituted alkene carbons are oxidatively cleaved to ketones. Unsubstituted alkene carbons 
are oxidized to carbon dioxide. The following examples illustrate the results of potassium per- 
manganate cleavage of alkenes with different substitution patterns. In the case where the prod- 
uct is a carboxylate salt, an acidification step is required to obtain the carboxylic acid. 


KMnO,, OH-, H,O | H,O* | 
——À——— 3 


CH,CH==CHCH, 2 с = e 
| = CH; “о- CH; “он 
(cis or trans) Acetate ion Acetic acid 
о: (1) KMnO,, OH- - 
heat 
— === 
CH, Ho ^ HOT O + О=<С=0 + H,O 


One of the uses of potassium permanganate, other than for desired oxidative cleavage, 
is as a chemical test for the presence of unsaturation in an unknown compound. Solutions 
of potassium permanganate are purple. If an alkene is present (or an alkyne, Section 8.20), 
the purple color is discharged and a brown precipitate of manganese dioxide (МпО2) forms 
as the oxidation takes place. 

The oxidative cleavage of alkenes has also been used to establish the location of the dou- 
ble bond in an alkene chain or ring. The reasoning process requires us to think backward 
much as we do with retrosynthetic analysis. Here we are required to work backward from 
the products to the reactant that might have led to those products. We can see how this might 
be done with the following example. 


Solved Problem 8.5 


An unknown alkene with the formula CgH46 was found, on oxidation with hot basic permanganate, to yield a three- 
carbon carboxylic acid (propanoic acid) and a five-carbon carboxylic acid (pentanoic acid). What was the struc- 


ture of this alkene? 
O O 
ое ne took D 
~, hea 
nb t MEE S DOE OH + HO 


(2) HO* 
Propanoic acid Pentanoic acid 


STRATEGY AND ANSWER The carbonyl groups in the products are the key to seeing where the oxidative cleav- 
age occurred. Therefore, oxidative cleavage must have occurred as follows, and the unknown alkene must have 
been cis- or trans-3-octene, which is consistent with the molecular formula given. 


Cleavage occurs here O O 
e 6 + ieee 
eae ae 9 , hea 
Ro ^ но OH HO 


Unknown alkene 
(either cis- or trans-3-octene) 


8.17B Cleavage with Ozone 
@ The most useful method for cleaving alkenes is to use ozone (Оз). 


Ozonolysis consists of bubbling ozone into a very cold (—78?C) solution of the alkene in 
CH2Clo, followed by treatment of the solution with dimethyl sulfide (or zinc and acetic acid). 
The overall result is as follows: 
R R" R R" 
Nu (1) Os, CHCL, - 78C 
И ^u (2) Ме,5 
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The reaction is useful as a synthetic tool, as well as a method for determining the location 
of a double bond in an alkene by reasoning backward from the structures of the products. 


€ The overall process (above) results in alkene cleavage at the double bond, with 
each carbon of the double bond becoming doubly bonded to an oxygen atom. 


The following examples illustrate the results for each type of alkene carbon. 


(1) О, CHCl, =78°C do A 
"P (2)Me,S — ^ 


2-Methyl-2-butene Acetone ИЯ 
us і 
2 (1) O,, СН,СІ,, – 78°С До Д. 
(2) Me;S 2 * H H 
3-Methyl-1-butene Isobutyraldehyde Formaldehyde 


Solved Problem 8.6 


Give the structure of an unknown alkene with the formula C7H42 that undergoes ozonolysis to yield, after acidifi- 
cation, only the following product: 


O 


STRATEGY AND ANSWER Since there is only a single product containing the same number of carbon atoms as 
the reactant, the only reasonable explanation is that the reactant has a double bond contained in a ring. Ozonolysis 
of the double bond opens the ring: 


© 


(1) О, CH,CL, 
ў -78°C H 
(2) Me,S 
© 


Unknown alkene 
(1-methylcyclohexene) 


Predict the products of the following ozonolysis reactions. Review Problem 8.21 
a b 
(a) d a (1) O (b) ec 
(2) Mess (2) Me;S 
(c) xN 
(1) 0, 
(2) Me,S 


The mechanism of ozone addition to alkenes begins with formation of unstable com- 
pounds called initial ozonides (sometimes called molozonides). The process occurs vigor- 
ously and leads to spontaneous (and sometimes noisy) rearrangement to compounds known 
as ozonides. The rearrangement is believed to occur with dissociation of the initial ozonide 
into reactive fragments that recombine to yield the ozonide. Ozonides are very unstable com- 
pounds, and low-molecular-weight ozonides often explode violently. 
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A MECHANISM FOR THE REACTION 


Ozonolysis of an Alkene 


Initial ozonide 


Ozone adds to the alkene The initial ozonide fragments. 
to form an initial ozonide. 


C. Mes V / 
| Ped а eS Jp—0 + O=C + Me;SO 
0—0^ 0—0 
Ozonide Aldehydes Dimethyl 
The fragments recombine to form the ozonide. and/or ketones sulfoxide 
Review Problem 8.22 Write the structures of the alkenes that would yield the following carbonyl compounds when 


treated with ozone and then with T sulfide. 
(2 mol is produced from 


Da Es roe 1 mol of alkene) 
(c) Шу апа [е 
н ae 


8.18 Electrophilic Addition of Bromine and Chlorine to Alkynes 


€ Alkynes show the same kind of addition reactions with chlorine and bromine that 
alkenes do. 


@ With alkynes the addition may occur once or twice, depending on the number of 
molar equivalents of halogen we employ: 


Br ii Br 
B x Z B 
—с=<— qb C=C se» —6—6— 
^ Br’ N А | | 
Вг Вг 
Dibromoalkene Tetrabromoalkane 
cl ЛИН 
Cl, N A eL 
—C-C-— cr C=C cu^ = C—C 
GE d N | | | 
CI CI 


Dichloroalkene Tetrachloroalkane 


8.19 Addition of Hydrogen Halides to Alkynes 


It is usually possible to prepare a dihaloalkene by simply adding one molar equivalent of 
the halogen: 


Br 
OH 
-—— 2 Br; (1 mol) OH 
CCl,, 0°C 
Br 


€ Addition of one molar equivalent of chlorine or bromine to an alkyne generally 
results in anti addition and yields a trans-dihaloalkene. 


Addition of bromine to acetylenedicarboxylic acid, for example, gives the trans isomer in 
70% yield: 


HO;C Br 
N / 


B 
HO,C— C2 C— CO,H TEN eae 
Br CO,H 
Acetylenedicarboxylic (70%) 


acid 


Alkenes are more reactive than alkynes toward addition of electrophilic reagents (1.е., Bro, 
Clo, or HCl). Yet when alkynes are treated with one molar equivalent of these same elec- 
trophilic reagents, it is easy to stop the addition at the “alkene stage.” This appears to be a 
paradox and yet it is not. Explain. 
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Review Problem 8.23 


8.19 Addition of Hydrogen Halides to Alkynes 


@ Alkynes react with one molar equivalent of hydrogen chloride or hydrogen bromide to 
form haloalkenes, and with two molar equivalents to form geminal dihalides. 


9 Both additions are regioselective and follow Markovnikov’s rule: 


н 11 
N A 
_сес_ ВА. Мос нк. _6—6— 
£N. | | 
H X 
Haloalkene gem-Dihalide 


The hydrogen atom of the hydrogen halide becomes attached to the carbon atom that has 
the greater number of hydrogen atoms. 1-Hexyne, for example, reacts slowly with one molar 
equivalent of hydrogen bromide to yield 2-bromo-1-hexene and with two molar equivalents 
to yield 2,2-dibromohexane: 


o P dd HBr d dn d HBr A 


Br Br Br 


2-Bromo-1-hexene 2,2-Dibromohexane 


The addition of HBr to an alkyne can be facilitated by using acetyl bromide (CH3COBr) 
and alumina instead of aqueous HBr. Acetyl bromide acts as an HBr precursor by reacting 
with the alumina to generate HBr. For example, 1-heptyne can be converted to 2-bromo- 
1-heptene in good yield using this method: 


“НВг” Вг 
> 
roe 4 CH,COBr/alumina Fw 
CH,Cl, 


(82%) 
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Anti-Markovnikov addition of hydrogen bromide to alkynes occurs when peroxides are 
present in the reaction mixture. These reactions take place through a free-radical mecha- 
nism (Section 10.9): 


d ner 27 
IOBBE MB 


peroxides 
H (E)and (2) 
(74%) 


8.20 Oxidative Cleavage of Alkynes 


Treating alkynes with ozone followed by acetic acid, or with basic potassium permanganate 
followed by acid, leads to cleavage at the carbon-carbon triple bond. The products are 
carboxylic acids: 


R—c=c—R' UO 


> ВСО,Н + R'CO,H 


(2) HOAc 
"s (1) KMnO,, OH- 
= C—O fie , 
R—C=C—R (2) HO* RCO;H + R'CO;H 
Review Problem 8.24 A, B, and C are alkynes. Elucidate their structures and that of D using the following reac- 
tion roadmap. 
H,, Pt H,, Pt 
"Áo nc" 
(С.Н, .) (CsH;4) 
(1) 0, IR: 3300 cm ' 
(2) HOAc 
O 
p 
H,, Pt 
с —э р 
(Сан) (СаН о) 
(1) O; 
(2) HOAc 
O 


HO 


O 


8.21 How to Plan a Synthesis: Some Approaches and Examples 


In planning a synthesis we often have to consider four interrelated aspects: 


1. construction of the carbon skeleton, 
2. functional group interconversions, 
3. control of regiochemistry, and 


4. control of stereochemistry. 


8.21 How to Plan a Synthesis: Some Approaches and Examples 


You have had some experience with certain aspects of synthetic strategies in earlier 
sections. 


@ In Section 7.168 you learned about retrosynthetic analysis and how this kind of 
thinking could be applied to the construction of carbon skeletons of alkanes and 
cycloalkanes. 


@ In Section 6.14 you learned the meaning of a functional group interconversion and 
how nucleophilic substitution reactions could be used for this purpose. 


In other sections, perhaps without realizing it, you have begun adding to your basic store 
of methods for construction of carbon skeletons and for making functional group inter- 
conversions. This is the time to begin keeping a card file for all the reactions that you have 
learned, noting especially their applications to synthesis. This file will become your Tool 
Kit for Organic Synthesis. Now is also the time to look at some new examples and to see 
how we integrate all four aspects of synthesis into our planning. 


8.21A Retrosynthetic Analysis 


Consider a problem in which we are asked to outline a synthesis of 2-bromobutane from com- 
pounds of two carbon atoms or fewer. This synthesis, as we shall see, involves construction 
of the carbon skeleton, functional group interconversion, and control of regiochemistry. 


How to Synthesize 2-Bromobutane 


CY 


Br 


We begin by thinking backward. The final target, 2-bromobutane, can be made in one step 
from 1-butene by addition of hydrogen bromide. The regiochemistry of this functional group 
interconversion must be Markovnikov addition: 


Retrosynthetic Analysis 


Y >N + ње 


Br Markovnikov 
addition 
Synthesis 
P no 
d o HBr peroxides di d 
Br 


Remember: The open arrow is a symbol used to show a retrosynthetic process that relates 
the target molecule to its precursors: 


Target molecule ==> precursors 


Continuing to work backward one hypothetical reaction at a time, we realize that a syn- 
thetic precursor of 1-butene is 1-butyne. Addition of 1 mol of hydrogen to 1-butyne would 
lead to 1-butene. With 1-butyne as our new target, and bearing in mind that we are told that 
we have to construct the carbon skeleton from compounds with two carbons or fewer, we 
realize that 1-butyne can be formed in one step from ethyl bromide and acetylene by an 
alkynide anion alkylation. 


@ The key to retrosynthetic analysis is to think of how to synthesize each target 
molecule in one reaction from an immediate precursor, considering first the ulti- 
mate target molecule and working backward. 
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Retrosynthetic Analysis 


ИТ => [+H 


№ 


/ EL “pr + Ма" -:==—н 


Nat-:==—H => H—==—H + NaNH, 
Synthesis 
-— À e m Nat -:———H 
= E CINE rene 
ise 2 liq. NH, —33°C Libo: 


67“ | _ Е = 
~ cpr + Nt “=H aN 336° / 


Ec Hat н, Ni,B (Р-2) pP 


8.21B Disconnections, Synthons, and Synthetic Equivalents 


@ One approach to retrosynthetic analysis is to consider a retrosynthetic step as a 
“disconnection” of one of the bonds (Section 7.16).* 


For example, an important step in the synthesis that we have just given is the one in which a 
new carbon-carbon bond is formed. Retrosynthetically, it can be shown in the following way: 


CS 


/ m —» " + cim———H 


The hypothetical fragments of this disconnection are an ethyl cation and an ethynide anion. 


9 In general, we call the fragments of a hypothetical retrosynthetic disconnection 
synthons. 


Seeing the synthons above may help us to reason that we could, in theory, synthesize a 
molecule of 1-butyne by combining an ethyl cation with an ethynide anion. We know, 
however, that bottles of carbocations and carbanions are not to be found on our labora- 
tory shelves and that even as a reaction intermediate, it is not reasonable to consider an 
ethyl carbocation. What we need are the synthetic equivalents of these synthons. The 
synthetic equivalent of an ethynide ion is sodium ethynide, because sodium ethynide con- 
tains an ethynide ion (and a sodium cation). The synthetic equivalent of an ethyl cation 
is ethyl bromide. To understand how this is true, we reason as follows: If ethyl bromide 
were to react by an Sy! reaction, it would produce an ethyl cation and a bromide ion. 
However, we know that, being a primary halide, ethyl bromide is unlikely to react by an 
Sul reaction. Ethyl bromide, however, will react readily with a strong nucleophile such 
as sodium ethynide by ап Sy2 reaction, and when it reacts, the product that is obtained 
is the same as the product that would have been obtained from the reaction of an ethyl 
cation with sodium ethynide. Thus, ethyl bromide, in this reaction, functions as the syn- 
thetic equivalent of an ethyl cation. 


*For an excellent detailed treatment of this approach you may want to read the following: Warren, S., Organic 
Synthesis, The Disconnection Approach, Wiley: New York, 1982, and Warren, S., Workbook for Organic Synthesis, 
The Disconnection Approach, Wiley: New York, 1982. 


8.21 How to Plan a Synthesis: Some Approaches and Examples 


2-Bromobutane could also be synthesized from compounds of two carbons or fewer by 
a route in which (£)- or (Z)-2-butene is an intermediate. You may wish to work out the 
details of that synthesis for yourself. 


8.21C Stereochemical Considerations 


Consider another example, a synthesis that requires stereochemical control: the synthesis 
of the enantiomeric 2,3-butanediols, (2R,3R)-2,3-butanediol and (25,35)-2,3-butanediol, 
from compounds of two carbon atoms or fewer, and in a way that does not produce the 
meso stereoisomer. 


How to Synthesize the Enantiomeric 2,3-Butanediols (and Not the Meso 
Stereoisomer) 

Here we see that a possible final step to the enantiomers is syn hydroxylation of trans-2- 
butene. This reaction is stereospecific and produces the desired enantiomeric 2,3-butane- 
diols as a racemic form. Here we have made the key choice not to use cis-2-butene. Had we 
chosen cis-2-butene, our product would have been the meso 2,3-butanediol stereoisomer. 


Retrosynthetic Analysis 


но Нон, HO он 
H' OH — uv] "cH 
vs CH; H 
Enantiomeric (R,R) syn-hydroxylation 
2,3-butanediols atelier 
CH3 face of СНз H 
CH H OH CH H = the alkene 
a, = За aH trans-2- 
HO И" HO OH Butene 
CH 
(S.S) 
Synthesis 
HO OH HO H CH; 
4 v] Ye H = ~ 
бн TCH, OH 
H CH3 3 (А,В) 
(1) OsO, 
CH3 H (2) NaHSO,, H,O H СНз 4 РР 
trans-2-Butene mney uH = СНзаз / 
| my 
H 
HO о HO CH, 
(S,S) 


Enantiomeric 2,3-butanediols 


Synthesis of trans-2-butene can be accomplished by treating 2-butyne with lithium in 
liquid ammonia. The anti addition of hydrogen by this reaction gives us the trans product 
we need. 


Retrosynthetic Analysis 
H СНа 


= CH;—==—CH, + H 
————À + 
addition * 3 2 


CH, H 


trans-2-Butene 2-Butyne 


CH3 
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Synthesis 
H CH3 
mE (1) Li, EtNH, 
СНз === Ch; (2) NH,CI 
(anti addition of H,) СНз H 
2-Butyne trans-2-Butene 


@ The reaction above is an example of a stereoselective reaction. A stereoselective 
reaction is one in which the reactant is not necessarily chiral (as in the case of an 
alkyne) but in which the reaction produces predominantly or exclusively one 
stereoisomeric form of the product (or a certain subset of stereoisomers from 
among all those that are possible). 


• Note the difference between stereoselective and stereospecific. A stereospecific 
reaction is one that produces predominantly or exclusively one stereoisomer of the 
product when a specific stereoisomeric form of the reactant is used. (АП stereospe- 
cific reactions are stereoselective, but the reverse is not necessarily true.) 


We can synthesize 2-butyne from propyne by first converting it to sodium propynide and 
then alkylating sodium propynide with methyl iodide: 


Retrosynthetic Analysis 
CH,—CH, => CH,—: Na + CH,—I 
CH,—=:Nat => CH,—=—H +  NaNH, 


Synthesis 
(1) NaNH/liq. NH, 
(2) СНА 


CH,—=—H > CH,——CH, 


Finally, we can synthesize propyne from ethyne: 
Retrosynthetic Analysis 
H—=$CH, => н—==- Ма“ + CH,—I 


Synthesis 
(1) NaNH,/lig. NH, 
(2) CHI 


H———H CH,———H 


Solved Problem 8.7 


ILLUSTRATING A STEREOSPECIFIC MULTISTEP SYNTHESIS Starting with compounds of two carbon atoms or 
fewer, outline a stereospecific synthesis of meso-3,4-dibromohexane. 


STRATEGY AND ANSWER We begin by working backward from the target molecule. Since the target molecule 
is a meso compound, it is convenient to start by drawing a formula that illustrates its internal plane of symmetry, 
as shown below. But since we also know that a vicinal dibromide can be formed by anti addition of bromine to an 
alkene, we redraw the target molecule formula in a conformation that shows the bromine atoms anti to each other, 
as they would be after addition to an alkene. Then, retaining the relative spatial relationship of the alkyl groups, 
we draw the alkene precursor to the 1,2-dibromide, and find that this compound is (£)-3-hexene. Knowing that an 
(E) alkene can be formed by anti addition of hydrogen to an alkyne using lithium in ethylamine or ammonia (Section 
7.158), we see that 3-hexyne is a suitable synthetic precursor to (Е)-3-ћехепе. Lastly, because we know it is pos- 
sible to alkylate terminal alkynes, we recognize that 3-hexyne could be synthesized from acetylene by two suc- 
cessive alkylations with an ethyl halide. The following is a retrosynthetic analysis. 
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Retrosynthetic Analysis 
Br Br Br 


E 
JH А 
Hwy „нң = Hwy < L——Ó 
Br anti addition 
of bromine H 


meso-3,4-Dibromohexane 


anti addition 

of hydrogen 
H——H + 2 PAP c 
(2 sequential 


alkylations) 


The synthesis could be written as follows: 


(1) NaNH,, liq. NH, (1) NaNH,, liq. NH, 
Бре cse шн АЕ — 
— (2) CH,CH,Br e (2) СН,СН,Вг E 
H 
/ (DLLENH, 
then (Q)NHCI — ^ X 
H 


Br Fou 
5 H 
H wy 
Br 


and finally (a) (b) (a) ~ 
H H s Br Br 


Bn JS H meso-3,4-Dibromohexane DAR 
H Br 
ES 
v, 7 


How would you modify the procedure given in Solved Problem 8.7 so as to synthesize а Review Problem 8.25 
racemic form of (3R,4R)- and (38,45)-3,4-dibromohexane? 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 
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Problems 


Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
(PLUS teaching and learning solution. 


ALKENES AND ALKYNES REACTION TOOLKIT 


8.26 Write structural formulas for the products that form when 1-butene reacts with each of the following reagents: 


(a) HI (b) Bro in НО 

(b) Hs, Pt (i) HCl 

(c) Dilute HoSO4, warm (j) Оз, then MeS 

(d) Cold concentrated H2SO4 (k) О50,, then NaHSO4/H5O 

(e) Cold concentrated H2SO,4, then H2O and heat (D KMnO,, ОН“, heat, then H9O* 

(f) HBr (m) Hg(OAc)» in THF and H20, then NaBH4, ОН“ 
(g) Bro in СС (n) BH3:THF, then НО», ОН“ 


8.27 Repeat Exercise 8.26 using 1-methylcyclopentene instead of 1-butene. 


8.28 — Write structures for the major organic products from the following reactions. Show stereoisomers where applica- 
ble. 


(a) CT (d) 
H,O, H,SO, 
Вг, 
(b) 
H,O 


8.29 Give the structure of the products that you would expect from the reaction of 1-butyne with: 


(a) One molar equivalent of Bro (e) Ho, МОВ (P-2) 
(b) One molar equivalent of HBr (f) NaNH; in liquid NH3, then СНа! 
(c) Two molar equivalents of HBr (в) NaNH in liquid NH3, then (CHs)3CBr 


(d) Ho (in excess)/Pt 


8.30 Give the structure of the products you would expect from the reaction (if any) of 2-butyne with: 


(a) One molar equivalent of HBr (g) Li/liquid NH3 

(b) Two molar equivalents of HBr (h) Н, (in excess), Pt 

(с) One molar equivalent of Br (i) Two molar equivalents of Ho, Pt 
(d) Two molar equivalents of Bro (j) Hot KMnO,, ОН“, then H30* 
(е) H2, МВ (P-2) (k) Os, then HOAc 

(f) One molar equivalent of HCI (І) NaNHp, liquid NH3 


8.31 Write structures for the major organic products from the following reactions. Show stereoisomers where applicable. 


— Cl, (1 equiv.) (1) NaNH, 
(a) Е ——————5 (c) J A (8) PhCH,Br^ 
as 
di HBr (excess) 
(b) —— (d) 


ale 
I 
o9 
> 
о 


8.32 


8.33 


8.34 


8.35 


8.36 


8.37 


8.38 


8.39 


8.40 
8.41 


8.42 
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Problems 


Show how 1-butyne could be synthesized from each of the following: 
(a) 1-Вшепе 

(b) 1-Chlorobutane 

(c) 1-Chloro-1-butene 

(d) 1,1-Dichlorobutane 

(e) Ethyne and ethyl bromide 


Starting with 2-methylpropene (isobutylene) and using any other needed reagents, outline a synthesis of each of 
the following: 


(a) P3 (b) ER (c) pur (d) pu" 
OH Br HO 


MECHANISMS 


Write a three-dimensional formula for the product formed when 1-methylcyclohexene is treated with each of the 
following reagents. In each case, designate the location of deuterium or tritium atoms. 


(a) (1) ВНз:ТНЕ, (2) СНАСО2Т (c) (1) BD3:THF, (2) NaOH, H202, НО 

(b) (1) ВОз:ТНЕ, (2) CH3CO2D 

Write a mechanism that accounts for the formation of ethyl isopropyl ether in the following reaction. 
CI OEt 


HCl 
“SS тон PT " 
When, in separate reactions, 2-methylpropene, propene, and ethene are allowed to react with HI under the same 


conditions (i.e., identical concentration and temperature), 2-methylpropene is found to react fastest and ethene slow- 
est. Provide an explanation for these relative rates. 


Propose a mechanism that accounts for the following reaction. 


OH 
| 
i 
— 
When 3,3-dimethyl-2-butanol is treated with concentrated HI, a rearrangement takes place. Which alkyl iodide would 


you expect from the reaction? (Show the mechanism by which it is formed.) 


Write stereochemical formulas for all of the products that you would expect from each of the following reactions. 
(You may find models helpful.) 


1) OsO, 

QN / ено" (c) S Br, CCl, 
1) OsO, 

(b) S TROT @ \ / Baco, 


Give (R, S) designations for each different compound given as an answer to Problem 8.39. 


The double bond of tetrachloroethene is undetectable in the bromine/carbon tetrachloride test for unsaturation. Give 
a plausible explanation for this behavior. 


The reaction of bromine with cyclohexene involves anti addition, which generates, initially, the diaxial conformation 
of the addition product that then undergoes a ring flip to the diequatorial conformation of trans-1,2-dibromocyclohexane. 
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8.45 


8.46 


8.47 


8.48 


8.49 
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However, when the unsaturated bicyclic compound I is the alkene, instead of cyclohexene, the addi- 
tion product is exclusively in a stable diaxial conformation. Account for this. (You may find it help- 
ful to build handheld molecular models.) 


Propose a mechanism that explains formation of the products from the following reaction, including the distribu- 
tion of the products as major and minor. 


2 A 0:80), P + "T 


Minor Major 


Internal alkynes can be isomerized to terminal alkynes on treatment with NaNHo. The process is much less suc- 
cessful when NaOH is used. Why is there this difference? 


Write a mechanism that explains the following reaction. 


+ 


Write а mechanism for the following reaction. 


Су во, HO H,O 


Write a mechanism that explains formation of the products shown in the following reaction. 


Br Br 
Ome OL OS C 
он | 


STRUCTURE ELUCIDATION 


Myrcene, a fragrant compound found in bayberry wax, has the formula C45H46 and is known not to contain any 
triple bonds. 


(a) What is the index of hydrogen deficiency of myrcene? When treated with excess hydrogen and a platinum cat- 
alyst, myrcene is converted to a compound (A) with the formula C49H»2. 


(b) How many rings does myrcene contain? 


(c) How many double bonds? Compound A can be identified as 2,6-dimethyloctane. Ozonolysis of myrcene fol- 
lowed by treatment with dimethyl sulfide yields 2 mol of formaldehyde (HCHO), 1 mol of acetone 
(CH3COCHs), and a third compound (B) with the formula C5HgO3. 


(d) What is the structure of compound B? 


(e) What is the structure of myrcene? 


Farnesene (below) is a compound found in the waxy coating of apples. (a) Give the structure and IUPAC name of 
the product formed when farnesene is allowed to react with excess hydrogen in the presence of a platinum cata- 
lyst. (b) How many stereoisomers of the product are possible? 


27 27 BS 


Farnesene 


8.50 
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Problems 


Write structural formulas for the products that would be formed when geranial, a component of lemongrass oil, is 
treated with ozone and then with dimethyl] sulfide (Ме25). 


H 
4. 
Geranial 


Limonene is a compound found in orange oil and lemon oil. When limonene is treated with excess hydrogen and 
a platinum catalyst, the product of the reaction is 1-isopropyl-4-methylcyclohexane. When limonene is treated with 
ozone and then with dimethyl sulfide (Ме25), the products of the reaction are formaldehyde (HCHO) and the fol- 
lowing compound. Write a structural formula for limonene. 


O O 
202 
H 
Pheromones (Section 4.7) are substances secreted by animals that produce a specific behavioral response in other 
members of the same species. Pheromones are effective at very low concentrations and include sex attractants, 
warning substances, and "aggregation" compounds. The sex attractant pheromone of the codling moth has the 


molecular formula C43H24O. Using information you can glean from the following reaction diagram, deduce the 
structure of the codling moth sex pheromone. The double bonds are known (on the basis of other evidence) to 


be (2Z,6E). 
H, (excess), Pt 
C,3H,,0 2020 
OH 


| (1) 0, 
(2) Me,S 
C4,H4,0 


O O 
+ + РОН 
2 о 


GENERAL PROBLEMS 


Synthesize the following compound starting with ethyne and 1-bromopentane as your only organic reagents (except 
for solvents) and using any needed inorganic compounds. 


b dw и 


Br Br 


Shown below is the final step in a synthesis of an important perfume constituent, cis-jasmone. Which reagents would 
you choose to carry out this last step? 


X а 


cis-Jasmone 
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Predict features of their IR spectra that you could use to distinguish between the members of the following pairs 
of compounds. You may find the IR chart in the endpapers of the book and Table 2.1 useful. 


(a) Pentane and 1-pentyne (f) 1-Pentene and 1-pentanol 

(b) Pentane and 1-pentene (g) Pentane and 1-pentanol 

(c) 1-Pentene and 1-pentyne (h) 1-Bromo-2-pentene and 1-bromopentane 
(d) Pentane and 1-bromopentane (i) 1-Pentanol and 2-penten-1-ol 


(e) 2-Pentyne and 1-pentyne 


Deduce the structures of compounds A, B, and C, which all have the formula CgH49o. As you read the information 
that follows, draw reaction flowcharts (roadmaps) like those in Problems 8.24 and 8.52. This approach will help 
you solve the problem. All three compounds rapidly decolorize bromine in CCl,4; all three are soluble in cold con- 
centrated sulfuric acid. Compound A has an absorption in its IR spectrum at about 3300 ст !, but compounds B 
and C do not. Compounds A and B both yield hexane when they are treated with excess hydrogen in the presence 
of a platinum catalyst. Under these conditions C absorbs only one molar equivalent of hydrogen and gives a prod- 
uct with the formula CgH45. When A is oxidized with hot basic potassium permanganate and the resulting solu- 


tion acidified, the only organic product that can be isolated is о . Similar oxidation of B gives 
OH 
only О , and similar treatment of C gives only О $ 
€ vnd 
O 


Ricinoleic acid, a compound that can be isolated from castor oil, has the structure 
CH3(CH2)5CHOHCH2CH=CH(CH2)7CO2H. 


(a) How many stereoisomers of this structure are possible? (b) Write these structures. 


There аге two dicarboxylic acids with the general formula HO2CCH—CHCO:H. One dicarboxylic acid is called 
maleic acid; the other is called fumaric acid. When treated with OsO,, followed by NaHSO3/H5O, maleic acid 
yields meso-tartaric acid and fumaric acid yields (+)-tartaric acid. Show how this information allows one to write 
stereochemical formulas for maleic acid and fumaric acid. 


Use your answers to the preceding problem to predict the stereochemical outcome of the addition of bromine to 
maleic acid and to fumaric acid. (a) Which dicarboxylic acid would add bromine to yield a meso compound? (b) 
Which would yield a racemic form? 


Alkyl halides add to alkenes in the presence of АІСІз; yields are the highest when tertiary halides are used. Predict 
the outcome of the reaction of tert-pentyl chloride (1-chloro-2,2-dimethylpropane) with propene and specify the 
mechanistic steps. 

Explain the stereochemical results observed in this catalytic hydrogenation. (You may find it helpful to build hand- 
held molecular models.) 


CH, CH, H 
H, H CH, 
—— + 
is, ica CH, CH, 
H H H 
1 (70%) Il (30%) 


information provided to solve this problem. An optically active compound A (assume that 
it is dextrorotatory) has the molecular formula C7H41Br. A reacts with hydrogen bromide, 
in the absence of peroxides, to yield isomeric products, B and C, with the molecular for- 
mula C7H;2Bro. Compound B is optically active; C is not. Treating B with 1 mol of potas- 
sium fert-butoxide yields (+)-A. Treating C with 1 mol of potassium tert-butoxide yields (+)-A. Treating A with 
potassium tert-butoxide yields D (С7Н о). Subjecting 1 mol of D to ozonolysis followed by treatment with dimethyl 
sulfide (Ме25) yields 2 mol of formaldehyde and 1 mol of 1,3-cyclopentanedione. 

Propose stereochemical formulas for A, B, C, and D and outline the reactions involved in these transformations. 


Make a reaction flowchart (roadmap diagram), as in previous problems, to organize the gk 
О O 


1,3-Cyclopentanedione 
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A naturally occurring antibiotic called mycomycin has the structure shown here. Mycomycin is optically active. 
Explain this by writing structures for the enantiomeric forms of mycomycin. 
HC=C—C=C—CH=C=CH—(CH=CH)sCH2COsH 
Mycomycin 
An optically active compound D has the molecular formula CgH49 and shows a peak at about 3300 cm in its IR 


spectrum. On catalytic hydrogenation D yields E (CgH44). Compound E is optically inactive and cannot be resolved. 
Propose structures for D and E. 


(a) Based on the following information, draw three-dimensional formulas for A, B, and C. 
Reaction of cyclopentene with bromine in water gives A. 
Reaction of A with aqueous NaOH (1 equivalent, cold) gives B, C;HgO (по 3590—3650-cm ! infrared absorp- 
tion). (See the squalene cyclization discussion in “The Chemistry of... Cholesterol Biosynthesis” in WileyPLUS 
for a hint.) 
Heating of B in methanol containing a catalytic amount of strong acid gives C, CgH42O»5, which does show 
3590–3650-ст  ! infrared absorption. 

(b) Specify the (R) or (S) configuration of the chirality centers in your predicted structures for C. Would C be formed 
as a single stereoisomer or as a racemate? 


(c) How could you experimentally confirm your predictions about the stereochemistry of C? 


Challenge Problems 


Propose a mechanism that explains the following transformation. (Note its similarity to the cyclization of squalene 
oxide to lanosterol, as shown іп “The Chemistry of . . . Cholesterol Biosynthesis.” in WileyPLUS) 


OH 


Triethylamine, (C2Hs)sN, like all amines, has a nitrogen atom with an unshared pair of electrons. Dichlorocarbene 
also has an unshared pair of electrons. Both can be represented as shown below. Draw the structures of compounds 
D, E, and F. 
(CoHs)3N: + :CClo — D (ап unstable adduct) 
D — E + CH4 (by an intramolecular E2 reaction) 
E Ho, F (Water effects a replacement that is the reverse of that used to make gem-dichlorides.) 


In Chapter 3 we first mentioned the importance of the interaction of a HOMO (highest occupied molecular orbital) 
of one molecule with the LUMO (lowest unoccupied molecular orbital) of another when two molecules react with 
each other (see “The Chemistry of . . Бох, Section 3.3A). These ideas carry forth into our understanding of addi- 
tion reactions between alkenes and electrophiles. Open the molecular models at the book's website for ethene and 
ВНз and view the HOMO and LUMO for each reactant. Which reactant is likely to have its HOMO involved in 
the hydroboration of ethene? Which molecule's LUMO will be involved? As you view the models, can you envi- 
sion favorable overlap of these orbitals as the reaction occurs? 


Hydroboration reactions are frequently done using ВНз:ТНЕ as a complex in solution. ВНз in pure form is a gas, 
and in the absence of other Lewis bases it exists as the dimer diborane, BaHg. Open the molecular model at the 
book's website for the BH3:THF complex and display its LUMO. Does the LUMO have lobes suitably disposed 
to allow the BHs portion of the BH3:THF complex to interact with other Lewis bases, e.g., an alkene т bond in the 
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course of a hydroboration reaction? Such an interaction is required at the beginning of a hydroboration reaction 
with BHa:THF because the reaction begins with a complex between ВНз and the alkene т bond, which then changes 
to the four-atom transition state of the addition as the reaction proceeds. 


8.70 Open the molecular model at the book's website for diborane (B2Hg) and examine its HOMO and LUMO. Is the 
LUMO of B2Hg readily accessible to the HOMO of an alkene or other Lewis base? How does the orientation of 
the diborane LUMO compare with that of its HOMO? 

Learning Group Problems 
1. (a) Synthesize (3S,4R)-3,4-dibromo-1-cyclohexylpentane (and its enantiomer, since a racemic mixture will be 
formed) from ethyne, 1-chloro-2-cyclohexylethane, bromomethane, and any other reagents necessary. (Use 
ethyne, 1-chloro-2-cyclohexylethane, and bromomethane as the sole sources of carbon atoms.) Start the prob- 
lem by showing a retrosynthetic analysis. In the process, decide which atoms of the target molecule will come 
from which atoms of the starting reagents. Also, bear in mind how the stereospecificity of the reactions you 

employ can be used to achieve the required stereochemical form of the final product. 

(b) Explain why a racemic mixture of products results from this synthesis. 
(c) How could the synthesis be modified to produce a racemic mixture of the (3R,4R) and (35,45) isomers instead? 

2. Write a reasonable and detailed mechanism for the following transformation: 

concd H,SO, 4 HO 
heat 
OH 
3. Deduce the structures of compounds A-D. Draw structures that show stereochemistry where appropriate: 
О о 
C,H4,0, + pu + pu 
D OH 
(optically inactive) 
(1) hot KMnO,, OH- 
H,, Lindlar's catalyst ddl (1) Li, EtNH 
ent eee : 2 -4- -2 4-di -2 5- i 
Si Hao ie C, A His (Ð NHC (4R,5E)-4-ethyl-2,4-dimethyl-2,5-heptadiene 
(optically active) (optically active) 

| о, 
2) Me,S 
(2) Me; О О 

C,H,440, t pu + pu 
С OH 
(optically active) 
4. The Guam bubble snail (Haminoea cymbalum) contains kumepaloxane (shown below), a chemical signal agent 


discharged when this mollusk is disturbed by predatory carnivorous fish. The biosynthesis of bromoethers like 
kumepaloxane is thought to occur via the enzymatic intermediacy of a “Вг?” agent. Draw the structure of a pos- 
sible biosynthetic precursor (hint: an alkene alcohol) to kumepaloxane and write a plausible and detailed mecha- 
nism by which it could be converted to kumepaloxane using Br* and some generic proton acceptor У“. 


Вг”, У“ 
MM 


Kumepaloxane 
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Nuclear Magnetic 
Resonance and Mass 
Spectrometry 

Tools for Structure Determination 


Have you known someone who needed an MRI (magnetic resonance imaging) scan for a medical condition, or 
have you needed one yourself? Have you ever observed someone in an airport security line having their belong- 
ings wiped down with a pad which was then placed in some kind of analytical instrument? Have you wondered 
how scientists determine the structures of compounds found in nature, or have you known a fellow student in a 
laboratory class who extracted bark, leaves, or fruit to isolate and identify some natural compounds? Or have you 
wondered how forensic evidence is analyzed in criminal cases, or how pesticides are identified in food samples? 

If you have wondered about any of these things, then some of your curiosity will be satisfied by learning 
about spectroscopic methods such as nuclear magnetic resonance (NMR) spectrometry, which involves the same 
physical principles as MRI imaging, and MS (mass spectrometry), which is used in some airport screening 
processes as well as many forensic applications. NMR and MS are workhorse techniques for the study of both 
biological and nonbiological molecular structure. 
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9.1 Introduction 


Chapter 9 Nuclear Magnetic Resonance and Mass Spectrometry 


6 Spectroscopy is the study of the interaction of energy with matter. 


When energy is applied to matter, it can be absorbed, emitted, cause a chemical change, or 
be transmitted. In this chapter we shall see how detailed information about molecular struc- 
ture can be obtained by interpreting results from the interaction of energy with molecules. 
In our study of nuclear magnetic resonance (NMR) spectroscopy we shall focus our atten- 
tion on energy absorption by molecules that have been placed in a strong magnetic field. 
When we study mass spectrometry (MS), we shall learn how molecular structure can be 
probed by bombarding molecules with a beam of high-energy electrons. These two tech- 
niques (NMR and MS) are a powerful combination for elucidating the structures of organic 
molecules. Together with infrared (IR) spectroscopy (Section 2.15), these methods com- 
prise the typical array of spectroscopic tools used by organic chemists. Later, we shall briefly 
discuss how gas chromatography (GC) is linked with mass spectrometry in GC/MS instru- 
ments to obtain mass spectrometric data from individual components of a mixture. 
We begin our study with a discussion of nuclear magnetic resonance spectroscopy. 


9.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 


The 1952 Nobel Prize in 

Physics was awarded to 
Felix Bloch (Stanford) and Edward 
M. Purcell (Harvard) for their 
discoveries relating to nuclear 


magnetic resonance. 


The nuclei of certain elements, including 1H nuclei (protons) and Tes (carbon-13) nuclei, 
behave as though they were magnets spinning about an axis. When a compound contain- 
ing protons or carbon-13 nuclei is placed in a very strong magnetic field and simultane- 
ously irradiated with electromagnetic energy of the appropriate frequency, nuclei of the 
compound absorb energy through a process called magnetic resonance. The absorption of 
energy is quantized. 


€ A graph that shows the characteristic energy absorption frequencies and intensities 
for a sample in a magnetic field is called a nuclear magnetic resonance (NMR) 
spectrum. 


As a typical example, the proton (1H) NMR spectrum of 1-bromoethane is shown in Fig. 9.1. 

We can use NMR spectra to provide valuable information about the structure of any mol- 
ecule we might be studying. In the following sections we shall explain how four features 
of a molecule's proton NMR spectrum can help us arrive at its structure. 


(b (a) 


(b) CH3— СН;— Br 
A signal with 
three peaks 
(b) (a triplet) 
(a) f 
A signal with TMS 
four peaks 
(a) (a quartet) 
3:5 3.3 1.7 1.5 
7 6 5 4 3 2 1 0 


бн (ppm) 


Figure 9.1 The 300-MHz 'H NMR spectrum of 1-bromoethane (ethyl bromide). Zoomed-in 
expansions of the signals are shown in the offset plots. 


9.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 


1. The number of signals in the spectrum tells us how many different sets of pro- 
tons there are in the molecule. In the spectrum for 1-bromoethane (Fig. 9.1) there 
are two signals arising from two different sets of protons. One signal (consisting of 
four peaks) is shown in blue and labeled (a). The other signal (consisting of three 
peaks) is in red and is labeled (b). These signals are shown twice in the spectrum, at 
a smaller scale on the baseline spectrum, and expanded and moved to the left above 
the base spectrum. [Don't worry now about the signal at the far right of the spectrum 
(labeled TMS); it comes from a compound (tetramethylsilane) that was added to the 
1-bromoethane so as to calibrate the positions of the other signals.] 


2. The position of the signals in the spectrum along the x-axis tells us about the mag- 
netic environment of each set of protons arising largely from the electron density in 
their environment. We'll learn more about this in Section 9.2A. 


3. The area under the signal tells us about how many protons there are in the set 
being measured. We'll learn how this is done in Section 9.2B. 


4. The multiplicity (or splitting pattern) of each signal tells us about about the num- 
ber of protons on atoms adjacent to the one whose signal is being measured. In 
1-bromoethane, signal (a) is split into a quartet of peaks by the three protons of set 
(b), and signal (b) is split into a triplet of peaks by the two protons of set (a). We'll 
explain splitting patterns in Section 9.2C. 


9.2A Chemical Shift 


@ The position of a signal along the x-axis of an NMR spectrum is called its chemi- 
cal shift. 


9 The chemical shift of each signal gives information about the structural envi- 
ronment of the nuclei producing that signal. 


€ Counting the number of signals in a 'H NMR spectrum indicates, at a first approx- 
imation, the number of distinct proton environments in a molecule. 


Tables and charts have been developed that allow us to correlate chemical shifts of NMR 
signals with likely structural environments for the nuclei producing the signals. Table 9.1 
and Fig. 9.2, for example, are useful for this purpose. 'H NMR chemical shifts generally 
fall in the range of 13-0 ppm (ô). 


1 5 ) Approximate Proton Chemical Shifts 


Type of Proton Chemical Shift (6, ppm) Type of Proton Chemical Shift (5, ppm) 
1? Alkyl, RCH3 0.8-1.2 Alkyl bromide, RCH2Br 3.4-3.6 
2° Alkyl, RCH2R 1.2-1.5 Alkyl chloride, КСН›СІ 3.6-3.8 
3° Alkyl, R3CH 1.4-1.8 Vinylic, RRC—CH; 4.6-5.0 
Allylic, R5C—=C—CHs 1.6-1.9 Vinylic, Rx5C—=CH 5.2-5.7 
Ketone, RCCH3 2.1-2.6 Aromatic, ArH 6.0-8.5 
| Aldehyde, RCH 9.5-10.5 
о | 
Benzylic, ArCH3 2.2-2.5 о 
Acetylenic, RC=CH 2.5-3.1 Alcohol hydroxyl, ROH 0.5-6.0? 
Alkyl iodide, RCH;I 3.1-3.3 Amino, R—NH; 1.0-5.0? 
Ether, ROCH;R 3.3-3.9 Phenolic, ArOH 4.5-7.7? 
Alcohol, HOCH sR 3.3-4.0 


Carboxylic, RCOH 10-13? 
|| 


?The chemical shifts of these protons vary in different solvents and with temperature and concentration. 
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Figure 9.2 Approximate 
proton chemical shifts. 


Solved Problem 9.1 


Chapter 9 Nuclear Magnetic Resonance and Mass Spectrometry 


The chemical shift of a signal in an NMR spectrum depends on the local magnetic envi- 
ronment of the nucleus producing the signal. The local magnetic environment of a nucleus 
is influenced by electron density and other factors we shall discuss shortly. The physical 
meaning of chemical shift values relates to the actual frequency of the NMR signals pro- 
duced by the nuclei. The practical importance of chemical shift information is that it gives 
important clues about molecular structure. Each NMR signal indicates the presence of nuclei 
in a different magnetic environment. 

Chemical shifts are measured along the spectrum axis using a delta (6) scale, in units 
of parts per million (ppm). When comparing one signal with another: 


© A signal that occurs further to the left in the spectrum than another (1.е., at a higher 
6 or ppm value) is said to occur downfield. 


e A signal to the right is said to occur upfield. 


The terms upfield and downfield relate to the strength of the magnetic field (higher versus 
lower, respectively) that is required to bring the nuclei into resonance. 


Consider the spectrum of ethyl bromide (Fig. 9.1). What is the chemical shift of the signal that is furthest down- 


field? 


STRATEGY AND ANSWER A downfield signal is one that appears at higher ppm or 6 values. The quartet is the 
furthest downfield signal in the NMR spectrum of ethyl bromide. For a signal with multiple peaks, such as a quar- 
tet, the chemical shift is reported as the midpoint of the peaks in the signal. Estimating as well as possible from 
the zoomed-in offset expansion in Fig. 9.1, the chemical shift of the ethyl bromide quartet is 3.4 ppm. 


The 'H NMR spectrum of 1,4-dimethylbenzene (p-xylene), shown in Fig. 9.3, is a simple 
example that we can use to learn how to interpret chemical shifts. First, note that there is 
a signal at 6 0. The signal at 6 0 is not from 1,4-dimethylbenzene, but from tetramethylsi- 
]ane (TMS), a compound that is sometimes added to samples as an internal standard to 
calibrate the chemical shift scale. If the signal from TMS appears at zero ppm, the chem- 
ical shift axis is calibrated correctly. 

Next we observe that there are only two other signals in the !H NMR spectrum of 1,4- 
dimethylbenzene, at approximately 8 7.0 and 6 2.3. The existence of just two signals implies 
that there are only two distinct proton environments in 1,4-dimethylbenzene, a fact we can 
easily verify for ourselves by examining its structure. 

We say, then, that there are “two types" of hydrogen atoms in 1,4-dimethylbenzene, and 
these are the hydrogen atoms of the methyl groups and the hydrogen atoms of the benzene 
ring. The two methyl groups produce only one signal because they are equivalent by virtue 
of the plane of symmetry between them. Furthermore, the three hydrogen atoms of each 


9.2 Nuclear Magnetic Resonance (NMR) Spectroscopy ji er e 389 


6H 
(a) 
(a) (4 
4H Gis 
(b) (b) H H (b) 
| (b) H H (b) ps 
1.0 (a) 
| TMS 
Figure 9.3 The 300-MHz 
8 7 6 5 4 3 2 1 0 1H NMR spectrum of 1,4- 
бн (ppm) dimethylbenzene. 


methyl group are equivalent due to free rotation about the bond between the methyl car- 
bon and the ring. The benzene ring hydrogen atoms also produce only one signal because 
they are equivalent to each other by symmetry. 

Referring to Table 9.1 or Fig. 9.2, we can see that 'H NMR signals for hydrogen atoms 
bonded to a benzene ring typically occur between 6 6 and 8.5, and that signals for hydro- 
gen atoms on an sp? carbon bonded to a benzene ring (benzylic hydrogens) typically occur 
between 6 2 and 3. Thus, chemical shifts for the signals from 1,4-dimethylbenzene occur 
where we would expect them to according to NMR spectral correlation charts. 

In the case of this example, the structure of the compound under consideration was 
known from the outset. Had we not known its structure in advance, however, we would have 
used chemical shift correlation tables to infer likely structural environments for the hydro- 
gen atoms. We would also have considered the relative area of the signals and signal mul- 
tiplicity, factors we shall discuss in the following sections. 


Solved Problem 9.2 


Based on the information in Table 9.1, in what ppm range would you expect to find the protons of (a) acetone 
(CH3COCH3) and (b) ethanol? 


STRATEGY AND ANSWER We use a chemical shift correlation table, such as Table 9.1, to find the closest match 
between the compound of interest and the partial structures shown in the table. 


(a) Acetone is a ketone bearing hydrogen atoms on the carbons adjacent to its carbonyl group. Ketones are listed 
in Table 9.1 as a representative substructure whose protons have a chemical shift range of 2.1—2.6 ppm. Thus, 
we expect the proton NMR signal from acetone to appear in the 2.1—2.6 ppm range. There will be one signal 
for all of the hydrogen atoms in acetone because, due to free rotation, they can occupy equivalent magnetic 
environments at any given instant. (In actuality, the signal from acetone appears at 2.1 ppm, at the upfield end 
of the range. Structural attributes of more complicated ketones extend the range downfield.) 


(b) Ethanol is expected to exhibit three proton NMR signals, one for each of its three distinct hydrogen environ- 
ments. Ethanol contains an alcohol hydroxyl proton, which Table 9.1 lists in the range of 0.5-6.0 ppm; two 
protons on the carbon bearing the hydroxyl group, which according to Table 9.1 we expect in the 3.3-4.0 ppm 
range; and a methyl group bonded to no functional groups, which, as a 1? alkyl group, should appear in the 
0.8–1.2 ppm range. 


In what chemical shift ranges would you expect to find the proton NMR signals of ethyl Review Problem 9.1 
acetate (CH3CO2CH2CH3)? 
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Solved Problem 9.3 
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9.2B Integration of Signal Areas 


• The area under each signal in a 'H NMR spectrum is proportional to the 
number of hydrogen atoms producing that signal. 


In the 'H NMR spectrum of 1,4-dimethylbenzene (Fig. 9.3), you may have noticed curves 
that resemble steps over each signal. The height of each step (using any unit of measure) 
is proportional to the area of the NMR signal underneath it, and also to the number of hydro- 
gen atoms giving rise to that signal. Taking the ratio of the step height associated with one 
signal to the step height associated with another provides the ratio of the areas for the sig- 
nals, and therefore represents the number of hydrogen atoms producing one signal as com- 
pared to the other. Note that we are discussing the height of the integral steps, not the heights 
of the signals. It is signal area (integration), not signal height, that is important. 


The area under each signal (shown with blue shading above) is what is measured (integrated) 
and taken as a ratio to compare the relative numbers of hydrogen atoms producing each 
signal in an NMR spectrum. 

In Fig. 9.3 we have indicated the relative step heights as 1.0 and 1.5 (in dimensionless 
units). Had these values not been given, we would have measured the step heights with a 
ruler and taken their ratio. Since the actual number of hydrogen atoms giving rise to the 
signals is not likely to be 1 and 1.5 (we cannot have a fraction of an atom), we can surmise 
that the true number of hydrogens producing the signals is probably 2 and 3, or 4 and 6, 
etc. For 1,4-dimethylbenzene the actual values are, of course, 4 and 6. 

Whether NMR data are provided as in Fig. 9.3 with an integral step over each signal, 
or simply with numbers that represent each signal’s relative area, the process of interpret- 
ing the data is the same because the area of each signal is proportional to the number of 
hydrogen atoms producing that signal. (It is important to note that in '3С NMR spectroscopy 
signal area is not relevant in routine analyses.) 


What integral values (as whole number ratios) would you expect for signals in the pro- О 
ton NMR spectrum of 3-methyl-2-butanone? 


STRATEGY AND ANSWER There are three distinct proton environments in 3-methyl- 
2-butanone: the methyl at C1, the methine hydrogen at C3, and the two methyl groups 
bonded to C3, which are equivalent. The ratio of these signals, in the order just listed, 


would be 3 : 1 : 6. 


9.2C Coupling (Signal Splitting) 


Coupling, also referred to as signal splitting or signal multiplicity, is a third feature of їН 
NMR spectra that provides very useful information about the structure of a compound. 


@ Coupling is caused by the magnetic effect of nonequivalent hydrogen atoms that 
are within 2 or 3 bonds of the hydrogens producing the signal. 


9.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 


The effect of the nearby hydrogens is to split (or couple with) the energy levels of the hydro- 
gens whose signal is being observed, and the result is a signal with multiple peaks. (Notice 
that we have been careful to differentiate use of the words signal and peak. A group of equiv- 
alent atoms produces one signal that may be split into multiple peaks.) We shall explain 
the physical origin of coupling further in Section 9.9; however, the importance of cou- 
pling is that it is predictable, and it gives us specific information about the constitu- 
tion of the molecule under study. 

The typical coupling we observe is from nonequivalent, vicinal hydrogens, that is, from 
hydrogens on adjacent carbons, separated by three bonds from the hydrogens producing 
the signal. Coupling can also occur between nonequivalent geminal hydrogens (hydrogens 
bonded to the same carbon) if the geminal hydrogens are in a chiral or conformationally 
restricted molecule. (We shall discuss cases of chiral and conformationally restricted mol- 
ecules in Section 9.8.) 

A simple rule exists for predicting the number of peaks expected from vicinal coupling 


in 'H NMR: 
Number of peaks Where n is the number of vicinal hydrogen 
from vicinal coupling = n + 1 atoms that are nonequivalent to 
in a 'H NMR signal those producing the signal 


This rule is applicable in general to achiral molecules without conformational barriers. 

The 'H NMR spectrum of 1,4-dimethylbenzene (Fig. 9.3) is an example where n = 0 
(in the above equation) regarding the hydrogen atoms producing the signals at 6 7.0 and at 
6 2.3. There are no hydrogen atoms on the carbons adjacent to the methyl groups; hence 
n = 0 for the signal at 6 2.3, and the signal is a singlet (signals with only one peak are 
called singlets). And, since all of the hydrogen atoms on the ring are equivalent by sym- 
metry and there are no adjacent nonequivalent hydrogen atoms, n = 0 for the hydrogens 
on the ring producing the signal at 6 7.0, and hence this signal is a singlet as well. 

The 'H NMR spectrum of 1,1,2-trichloroethane, shown in Fig. 9.4, provides an exam- 
ple where n is not equal to zero, and coupling is therefore evident. In the spectrum of 
1,1,2-trichloroethane we see two signals: one with three peaks and one with two peaks. 
These signals are called, respectively, a triplet and a doublet. The signal for the — CHCle 
hydrogen is a triplet because there are two hydrogen atoms on the adjacent carbon (n — 2). 
The signal for the — CH2CI hydrogens is a doublet because there is one hydrogen on the 
adjacent carbon (n = 1). We shall consider why this is so in Section 9.9. 


(a) 2H 
H АЯ A doublet: 
| (b) Splitting by one hydrogen 
CI — C— CH,— CI on an adjacent carbon 
2 y 
(b) 
CI A triplet: TMS 


Splitting by two hydrogens 
on an adjacent carbon 


(b) 


5.8 57 E. 40 39 


8 7 6 5 4 3 2 1 0 
ӧн (ppm) 


Figure 9.4 The 300-MHz 1H NMR spectrum of 1,1,2-trichloroethane. Zoomed-in expansions of 
the signals are shown in the offset plots. 
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Solved Problem 9.4 


Sketch a predicted proton NMR spectrum for ethanol, showing signals in the expected chemical shift ranges (based 
on Table 9.1) and with the appropriate number of peaks in each. (Note one important fact: Hydrogen atoms bonded 
to oxygen and nitrogen do not usually show coupling, but often exhibit a single broad peak instead. We shall explain 
why later in Section 9.10.) 


STRATEGY AND ANSWER There are four things to pay attention to: (1) the number of signals, (2) the chemical 
shifts of the signals, (3) the coupling patterns (signal splitting) in the signals, and (4) the relative signal areas. We 
have already predicted the first two of these in Solved Problem 9.2, part b. 


1. In ethanol there are protons in three distinct environments; thus, we expect three signals. 

2. The predicted chemical shifts are 3.3-4.0 ppm for the two protons on the alcohol carbon, 0.8-1.2 ppm for the 
three methyl protons, and 0.5—6.0 ppm for the hydroxyl proton (showing it anywhere in this broad range is 
acceptable—we shall explain why the range is broad in Section 9.10). 

3. Regarding coupling patterns, the alcohol hydrogen does not couple, as we stated earlier. The alcohol — CHo— 
group has three vicinal protons (the methyl group); following the п + 1 rule these should appear as a quartet. 
The methyl group has two vicinal protons (the alcohol — CHa— group), thus it should be a triplet. 

4. The relative signal areas are 1 : 2 : 3, according to the number of protons producing each signal, which we 
indicate as 1H, 2H, and 3H in our sketch. 


Lastly, it is helpful to use letters to assign the protons in a formula to signals associated with them in a spectrum, 
and we shall do that here. 


ӧн (ppm) 


To verify our sketch we can consult the actual NMR spectrum for ethanol shown in Fig. 9.28. Note that the — OH 
signal can appear in a wide range, as indicated in Table 9.1. 


9.3 How to Interpret Proton NMR Spectra 


Now that we have had an introduction to key aspects of 'H NMR spectra (chemical shift, 
peak area, and signal splitting), we can start to apply 'H NMR spectroscopy to elucidating 
the structure of unknown compounds. The following steps summarize the process: 


1. Count the number of signals to determine how many distinct proton environments 
are in the molecule (neglecting, for the time being, the possibility of overlapping 
signals). 

2. Use chemical shift tables or charts, such as Table 9.1 or Fig. 9.2 (or your own expe- 
rience over time), to correlate chemical shifts with possible structural environments. 


3. Determine the relative area of each signal, as compared with the area of other sig- 
nals, as an indication of the relative number of protons producing the signal. 


9.3 How to Interpret Proton NMR Spectra 


4. Interpret the splitting pattern for each signal to determine how many hydrogen atoms 
are present on carbon atoms adjacent to those producing the signal and sketch pos- 
sible molecular fragments. 


5. Join the fragments to make a molecule in a fashion that is consistent with the data. 


As a beginning example, let's interpret the 'H NMR spectrum in Fig. 9.5 for a compound 
with the molecular formula C3H7Br. 
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Figure 9.5 The 300-MHz 1H NMR spectrum of a compound with the formula C3H7Br. Expansions 
of the signals are shown in the offset plots. (Adapted from the original [www.sigmaaldrich.com/ 
spectra/fnmr/FNMRO10277.PDF] with permission from Sigma-Aldrich © Sigma-Aldrich Co.) 


1. First, we observe that there are three distinct signals, with chemical shifts of approx- 
imately 6 3.4, 1.8, and 1.1. One of these signals (6 3.4) is noticeably downfield of 
the others, indicating hydrogen atoms that are likely to be near an electronegative 
group. This is not surprising given the presence of bromine in the formula. The pres- 
ence of three distinct signals suggests that there are only three distinct proton envi- 
ronments in the molecule. For this example, this information alone makes it possible 
to reach a conclusion about the structure of the compound, since its molecular for- 
mula is as simple as C3H7Br. (Do you know what the compound is? Even if you do, 
you should still demonstrate that all of the information in the spectrum is consistent 
with the structure you propose.) 


2. Next, we measure (or estimate) the step heights of the integral curves and reduce them 
to whole number ratios. Doing so, we find that the ratio is 2 : 2 : 3 (from the most down- 
field to the most upfield signal). Given a molecular formula that contains seven hydro- 
gen atoms, we infer that these signals likely arise from two СН» groups and опе СНз 
group, respectively. One of the СН groups must bear the bromine. (Although you 
almost certainly know the structure of the compound at this point, let's continue with 
the analysis.) At this point we can begin to sketch molecular fragments, if we wish. 


3. Next we evaluate the multiplicity of the signals. The signal at 6 3.4 is a triplet, indi- 
cating that there are two hydrogen atoms on the adjacent carbon. Since this signal is 
downfield and has an integral value that suggests two hydrogens, we conclude that 
this signal is from the CH2Br group, and that it is next to a CH2 group. The signal at 
6 1.8 is a sextet, indicating five hydrogen atoms on adjacent carbons. The presence 
of five neighboring hydrogen atoms (n — 5, producing six peaks) is consistent with 
а CH2 group on one side and a СНз group on the other. Lastly, the signal at 6 1.1 is 
a triplet, indicating two adjacent hydrogen atoms. Joining these molecular pieces 
together on paper or in our mind gives us BrCHaCH2CH3 for the structural formula. 
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1-Bromopropane. 


n=2 n=5 n=2 
triplet sextet triplet 


Electro- ~y 
negative Br~<CH2—CH2—CH3 
atom (c) (b) (a) 
Most 7 * Most 
downfield upfield 
signal signal 


We have been careful in the above analysis to evaluate each aspect of the data (chemi- 
cal shift, integration, and signal splitting). As you gain more skill at interpreting NMR data, 
you may find that just a portion of the data is sufficient to determine a compound's iden- 
tity. At other times, however, you will find that more data are necessary than solely a їН 
NMR spectrum. Combined analysis of I*C NMR, IR, and other information may be needed, 
for example. In the above case, knowing the molecular formula, conceiving of the possi- 
ble isomers, and comparing these with the number of signals (i.e., distinct hydrogen envi- 
ronments) would have been enough by itself to come to the conclusion that the compound 
is 1-bromopropane. Nevertheless, when working a problem one should still check the final 
conclusion by verifying the consistency of all data with the proposed structure. m 


Solved Problem 9.5 


What compound with molecular formula CaHgClo is consistent with the 'H NMR spectrum shown in Fig. 9.6? 
Interpret the data by assigning each aspect of the spectrum to the structure you propose. 
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Figure 9.6 The 300-MHz 'H NMR spectrum of the compound in Solved Problem 9.5 with molecular 
formula СНС. (Adapted from the original [www.sigmaaldrich.com/spectra/fnmr/FNMR004611.PDF] with 
permission from Sigma-Aldrich € Sigma-Aldrich Co.) 


STRATEGY AND ANSWER The spectrum shown in Fig. 9.6 shows only one signal (therefore its inte- 
gral is irrelevant and not shown). This must mean that the six hydrogen atoms in the formula C3HgClo 
all exist in the same magnetic environment. The presence of two equivalent methyl groups is a likely sce- CI Cl 
nario for six equivalent hydrogen atoms. The only way to have two identical methyl groups with the for- 
mula C3HgCle is for both chlorine atoms to be bonded at C2 resulting in the structure shown to the right. pm 


Review Problem 9.2 What compound with molecular formula CaHgClo is consistent with the 'H NMR spectrum 
shown in Fig. 9.7? Interpret the data by assigning each aspect of the spectrum to the structure 
you propose. (In other words, explain how the chemical shifts, signal areas, and splitting 
patterns support your conclusion.) 
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Figure 9.7 The 300-MHz 'H NMR spectrum of the compound іп Review Problem 9.2 with formula C3HgClo. 
Expansions of the signals are shown in the offset plots. (Adapted from the original [www.sigmaaldrich.com/ 
spectra/fnmr/FNMRO10277.PDF] with permission from Sigma-Aldrich © Sigma-Aldrich Co.) 


Now that we have had an introduction to interpreting NMR spectra, let us briefly explain the 
physical origin of NMR signals and how NMR spectrometers work, before returning to impor- 
tant information about factors that influence chemical shift and signal splitting. 


9.4 Nuclear Spin: The Origin of the Signal 


We are already familiar with the concepts of electron spin and electron spin quantum states 
from our discussions of bonding and molecular structure in Chapter 1. The nuclei of cer- 
tain isotopes also possess the quality of spin, and therefore these nuclei have spin quantum 
numbers, designated 7. The nucleus of ordinary hydrogen, 'H, has a spin quantum number 
of І, апа it can assume either of two spin states: H or -. These correspond to the mag- 
netic moments (m) allowed for 1 = 1, which are m — +: ог т = -. Other nuclei 
with spin quantum numbers J = 1 are 1С, ТЗЕ, and ?!P. Some nuclei, such as 120. 160, 
and 325, have no spin (J = 0), and these nuclei do not give an NMR spectrum. Other 
nuclei have spin quantum numbers greater than І. In our treatment here, however, we 
are concerned primarily with the spectra that arise from 'H and from "ЗС, both of which 
have 1 = 1. 

Since the proton is electrically charged, the spinning charge generates a tiny magnetic 
moment—one that coincides with the axis of spin (Fig. 9.8). This tiny magnetic moment 
gives the spinning proton properties analogous to those of a tiny bar magnet. 
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Figure 9.8 (a) The magnetic field 
associated with a spinning proton. (b) The 
spinning proton resembles a tiny bar 

(a) (b) magnet. 
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Figure 9.9 (а) In the absence of a magnetic о а. 
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In the absence of a magnetic field (Fig. 9.9a), the magnetic moments of the protons 
of a given sample are randomly oriented. When a compound containing hydrogen (and 
thus protons) is placed in an applied external magnetic field, however, the magnetic moment of 
the protons may assume one of two possible orientations with respect to the external magnetic 
field (other orientations are disallowed on the basis of quantum mechanics). The magnetic 
moment of the proton may be aligned “with” the external field or “against” it (Fig. 9.95). These 
alignments correspond to the two spin states mentioned earlier. 


© The two alignments of the proton’s magnetic moment in an external field are not of 
equal energy. When the proton’s magnetic moment is aligned with the magnetic 
field, its energy is lower than when it is aligned against the magnetic field. The 
lower energy state is slightly more populated in the ground state. 


@ Energy is required to “flip” the proton’s magnetic moment from its lower energy 
state (with the field) to its higher energy state (against the field). In an NMR spec- 
trometer this energy is supplied by electromagnetic radiation in the RF (radio fre- 
quency) region. When this energy absorption occurs, the nuclei are said to be in 
resonance with the electromagnetic radiation. 


The energy required to excite the proton is proportional to the strength of the magnetic field 
(Fig. 9.10). One can show by relatively simple calculations that, in a magnetic field of 
approximately 7.04 tesla, for example, electromagnetic radiation of 300 X 106 cycles per 
second (300 MHZ) supplies the correct amount of energy for protons.* The proton NMR 
spectra shown in this chapter are 300-MHz spectra. 


Figure 9.10 The energy difference 

between the two spin states of a proton ^N В Spin state 
depends on the strength of the applied ) p С 

external magnetic field, Во. (a) If there is no реси" 

applied field (Bg = 0), there is no energy Ig 

difference between the two states. (b) If Bo AE он 

= 1.41 tesla, the energy difference opem AE 


corresponds to that of electromagnetic 


radiation of 60 x 10° Hz (60 MHz). (c) In a \в fj lu 9$ 
magnetic field of approximately 7.04 tesla, 907 "Ta = Ф 


the energy difference corresponds to B, = 1.41 tesla Б 278 
electromagnetic radiation of 300 х 106 Hz a 
(300 MHz). Instruments are available that 
operate at these and even higher 
frequencies (as high as 800 MHz to 1 GHz). (a) (b) (c) 


Bo = 7.04 tesla 


a Spin state 


*The relationship between the frequency of the radiation (v) and the strength of the magnetic field (Bg) is 


yBo 
2m 


where y is the magnetogyric (or gyromagnetic) ratio. For a proton, у = 26.753 rad s ! 1езја !. 
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Let us now consider how the signal from nuclei that are in resonance is detected by NMR 
spectrometers, and how it is converted to an NMR spectrum. 


9.5 Detecting the Signal: Fourier Transform NMR Spectrometers 


Most NMR spectrometers use superconducting magnets that have very high magnetic field 
strengths. Superconducting magnets operate in a bath of liquid helium at 4.3 degrees above 
absolute zero, and they have magnetic field strengths more than 100,000 times as strong as 
Earth's magnetic field. 

The stronger the magnet is in a spectrometer, the more sensitive the instrument. Figure 
9.11 shows a diagram of a Fourier transform NMR spectrometer. 
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e superconducting magnet of an 
Figure 9.11 Diagram of a Fourier transform NMR spectrometer. FTNMR spectrometer. 


As we discussed in the previous section, certain nuclei in the presence of a magnetic 
field behave as though they were tiny bar magnets that align themselves with or against the 
applied magnetic field. The nuclei spin (precess) about the spectrometer’s magnetic field 
axis (the “applied” magnetic field), much the same way that a spinning top gyrates around 
the axis of gravity. The precessional frequency of each nucleus is directly related to its chem- 
ical shift. We can illustrate a nuclear magnetic moment precessing about the axis of an 
applied magnetic field (Bọ) using a vector representation, as shown in Fig. 9.12a. 

Applying a pulse of radio frequency energy that matches the precessional frequency of 
the nuclear magnetic moment causes the magnetic vector of the nucleus to tip away from the 
applied magnetic field axis (the z-axis) toward the x—y plane (Fig. 9.125). The nuclear mag- 
netic vector still precesses about the z-axis, but it lies in the x—y plane. From the perspective 
of a tiny coil of wire (called a receiver coil) situated next to the x—y plane, rotation of this 
vector around the z-axis but in the x—y plane presents an oscillating magnetic field to the 
receiver coil. And just as with large-scale electrical generators, this oscillating magnetic field 
induces an oscillating electric current in the coil (Fig. 9.12c). This current is the signal detected 
by the NMR spectrometer. Let us briefly explain the properties of this signal further. 

Tipping the nuclear magnetic vector away from the axis of the applied magnetic field 
requires absorption of radio frequency energy by the nucleus. This energy comes from a 
radio frequency pulse generated by the NMR spectrometer. In a matter of seconds or less, 
however, the nucleus releases the energy it absorbed back to the sample environment, return- 
ing the nucleus to its ground state energy as it moves back toward the z-axis. As it does so, 
the vector component of magnetization in the x-y axis diminishes, and the observed elec- 
trical signal decays (Fig. 9.124). The oscillating electrical signal produced by the excited 
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(b) The precessing 
nuclear magnetic 
vector is tipped 
toward the x-y 
plane by the RF 
pulse. 


Relaxation 


(c) Rotation of 
nuclear magnetic 
vector in the x-y 
plane generates 
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the receiver coil. 
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Figure 9.12 Origin of the signal in FTNMR spectroscopy. 


nucleus is therefore not a signal of steady amplitude, but one which dies away exponen- 
tially. This signal is called a free induction decay (FID). The NMR computer applies a 
mathematical operation called a Fourier transform to convert the signal from a time versus 
amplitude signal (the FID) to a frequency versus amplitude signal (the NMR spectrum that 
we interpret) (Fig. 9.12e). 

There is much more that could be said about the origin of NMR signals and how NMR 
spectrometers work. The interested student is referred to advanced texts on spectroscopy 
for further information. However, let us conclude with a few final points. 

As we mentioned, the chemical shift of an NMR signal is directly related to its preces- 
sional frequency. Since most compounds have nuclei in a variety of environments, they have 
nuclei that precess at a variety of frequencies, and therefore exhibit signals at a variety of 
chemical shifts. The FID signal detected by the NMR spectrometer is an aggregate of all 
of these frequencies. A powerful aspect of the Fourier transform (FT), as a mathematical 
process, is that it extracts these combined frequencies from the FID and converts them to 
discrete signals that we can interpret in an NMR spectrum. 

Another great advantage to Fourier transform spectrometers is that the FT process allows 
computerized signal averaging of many data scans, which cancels out random electronic 
noise and enhances the actual NMR signals. This is especially important for samples that 
produce weak signals. Furthermore, acquisition of the data from each scan is very fast. The 
radio-frequency pulse used to excite the sample is typically on the order of only 1073 s, 
and pulses can be repeated within a few seconds or less. Thus, many data scans can be 
acquired over just a short time, so as to maximize signal averaging and enhance the clar- 
ity of the data. 

With this introduction to the origin of NMR signals and how spectrometers work, we 
return to consider further aspects of shielding and deshielding, chemical shift, and signal 
splitting. 
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9.6 Shielding and Deshielding of Protons 


9 All protons do not absorb energy at the same frequency in a given external mag- 
netic field. 


For example, the aromatic protons of 1,4-dimethylbenzene absorb at higher frequency 
(6 7.05) than the various alkyl protons of 1,4-dimethylbenzene and 1,1,2-trichloroethane 
(Figs. 9.3 and 9.4). 


@ Lower chemical shift values correspond with lower frequency. 
@ Higher chemical shift values correspond with higher frequency. 


The general position of a signal in an NMR spectrum—that is, the frequency of radia- 
tion required to bring about absorption of energy at a given magnetic field strength—can 
be related to electron densities and electron circulations in the compounds. Under the influ- 
ence of an external magnetic field the electrons move in certain preferred paths. Because 
they do, and because electrons are charged particles, they generate tiny magnetic fields. 

We can see how this happens if we consider the electrons around the proton in a с bond 
of a C—H group. In doing so, we shall oversimplify the situation by assuming that ø elec- 
trons move in generally circular paths. The magnetic field generated by these c electrons 
is shown in Fig. 9.13. 
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The small magnetic field generated by the electrons is called an induced field. At the 
proton, the induced magnetic field opposes the external magnetic field. This means that 
the actual magnetic field sensed by the proton is slightly less than the external field. The 
electrons are said to shield the proton. 

A proton strongly shielded by electrons does not, of course, absorb at the same frequency 
as a proton that is less shielded by electrons. 


e A shielded proton will absorb at lower frequency (upfield) (Fig. 9.14). 
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Deshielding by Electronegative Groups The extent to which a proton is shielded 
by the circulation of o electrons depends on the relative electron density around the proton. 
This electron density depends largely on the presence or absence of electronegative groups. 
Electronegative groups withdraw electron density from the C—H bond, particularly if they 
are attached to the same carbon. We have seen an example of this effect in the spectrum of 
1,1,2-trichloroethane (Fig. 9.4). The proton of C1 absorbs at higher frequency (6 5.77) than 
the protons of C2 (6 3.95). Carbon 1 bears two highly electronegative chlorine atoms, whereas 
C2 bears only one. The protons of C2, consequently, are more effectively shielded because 
the o-electron density around them is greater, and they absorb at lower frequency. 


Shielding and Deshielding by Circulation of 7 Electrons The circulations of delo- 
calized 7 electrons generate magnetic fields that can either shield or deshield nearby protons. 
Whether shielding or deshielding occurs depends on the location of the proton in the induced 
field. The aromatic protons of benzene derivatives (Section 14.7B) are deshielded because their 
locations are such that the induced magnetic field reinforces the applied magnetic field. 

Because of this deshielding effect, the absorption of energy by aromatic protons occurs 
downfield at higher frequency. The protons of benzene itself absorb at 6 7.27. The aromatic 
protons of 1,4-dimethylbenzene (Fig. 9.3) absorb at 6 7.05. 

Magnetic fields created by circulating 7 electrons shield the protons of ethyne (and other 
terminal alkynes), causing them to absorb at lower frequency than we might otherwise 
expect. If we were to consider only the relative electronegativities of carbon in its three 
hybridization states (Section 3.8A), we might expect the following order of protons attached 
to each type of carbon: 


(higher frequency) sp < sp? < sp? (lower frequency) 
In fact, protons of terminal alkynes absorb between ô 2.0 and ô 3.0, and the order is 
(higher frequency) sp? < sp < sp? (lower frequency) 


This upfield shift (lower frequency) of the absorption of protons of terminal alkynes is a 
result of shielding produced by the circulating 7 electrons of the triple bond. The origin of 
this shielding is illustrated in Fig. 9.15. 


Figure 9.15 The shielding of protons of 
ethyne by z-electron circulations. Shielding 
causes protons attached to the sp carbons 
to absorb further upfield (at lower 
frequency) than vinylic protons. 


9.7 The Chemical Shift 


We have now seen that shielding and deshielding effects cause the absorptions of protons 
to have different chemical shifts along the x-axis of NMR spectra. 

As we have also mentioned, chemical shifts are most often measured with reference to 
the absorption of the protons of TMS (tetramethylsilane). A small amount of TMS is usu- 
ally added to the sample, and its signal establishes zero on the delta (6) scale. 


Si(CH3)4 
Tetramethylsilane (TMS) 
@ The signal from TMS defines zero ppm on the chemical shift (6) scale. 
Tetramethylsilane was chosen as a reference compound for several reasons. It has 12 equiv- 


alent hydrogen atoms, and, therefore, a very small amount of TMS gives a relatively large sig- 
nal. Because the hydrogen atoms are all equivalent, they give a single signal. Since silicon is 
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less electronegative than carbon, the protons of TMS are in regions of high electron density. 
They are, as a result, highly shielded, and the signal from TMS occurs upfield in a region of 
the spectrum where few other hydrogen atoms absorb. Thus, their signal seldom interferes with 
the signals from other hydrogen atoms. Tetramethylsilane, like an alkane, is relatively inert. It 
is also volatile, having a boiling point of 27°C. After the spectrum has been determined, the 
TMS can be removed from the sample easily by evaporation. 


9.7A PPM and the ô Scale 


The chemical shift of a proton, when expressed in hertz (Hz), is proportional to the strength 
of the external magnetic field. Since spectrometers with different magnetic field strengths are 
commonly used, it is desirable to express chemical shifts in a form that is independent of the 
strength of the external field. This can be done easily by dividing the chemical shift by the 
frequency of the spectrometer, with both numerator and denominator of the fraction expressed 
in frequency units (hertz). Since chemical shifts are always very small (typically <5000 Hz) 
compared with the total field strength (commonly the equivalent of 60, 300, or 600 million 
hertz), it is convenient to express these fractions in units of parts per million (ppm). This is 
the origin of the delta scale for the expression of chemical shifts relative to TMS: 


(observed shift from TMS in hertz) Х 10° 
(operating frequency of the instrument in hertz) 


For example, the chemical shift for benzene protons is 2181 Hz when the instrument is oper- 
ating at 300 MHz. Therefore, 


2181 Hz X 10° 


300 x 10°Hz ^7 
The chemical shift of benzene protons in a 60-MHz instrument is 436 Hz: 
436 Hz х 10° 
= = 7.27 
60 x 10° Hz 


Thus, the chemical shift expressed in ppm is the same whether measured with an instru- 
ment operating at 300 or 60 MHz (or any other field strength). 

Figure 9.2 (Section 9.2A) gives the approximate values of proton chemical shifts for 
some common hydrogen-containing groups. 


9.8 Chemical Shift Equivalent and Nonequivalent Protons 


Two or more protons that are in identical environments have the same chemical shift and, 
therefore, give only one 'H NMR signal. How do we know when protons are in the same 
environment? For most compounds, protons that are in the same environment are also equiv- 
alent in chemical reactions. That is, chemically equivalent protons are chemical shift 
equivalent in 'H NMR spectra. 


9.8A Homotopic and Heterotopic Atoms 


How do we decide whether two or more protons in a molecule are in identical envi- 
ronments? 


@ One way to decide is to replace each hydrogen in turn by some other atom or 
group (which may be real or imaginary) and then use the result of the replacement 
to make our decision. 


If replacing the hydrogens by a different atom gives the same compound, the hydrogens 
are said to be homotopic. 


ө Homotopic hydrogens have identical environments and will have the same chemi- 
cal shift. They are said to be chemical shift equivalent. 
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Consider the hydrogens of ethane as an example. Replacing any one of the six 
hydrogens of ethane by a different atom, say, by chlorine, gives the same compound: 
chloroethane. 


replacement of any 


CHsCHs hydrogen by CI 


CH&4CH5CI 
Ethane Chloroethane 


The six hydrogens of ethane are homotopic and are, therefore, chemical shift equivalent. 
Ethane, consequently, gives only one signal in its 'H NMR spectrum. [Remember, the 
barrier to rotation of the carbon-carbon bond of ethane is so low (Section 4.8), the various 
conformations of chloroethane interconvert rapidly.] 

If replacing hydrogens by a different atom gives different compounds, the hydrogens 
are said to be heterotopic. 


9 Heterotopic atoms have different chemical shifts and are not chemical shift 
equivalent. 


Consider the set of methyl hydrogens of chloroethane next. Replacing any one of the 
three hydrogens of the CH3 group of chloroethane with chlorine yields the same compound, 
1,2-dichloroethane. The three protons of the CH3 group are homotopic with respect to each 
other, and the CHg group gives only one 'H NMR signal. 


replacement of CH; > 
hydrogen by CI 


CH;CH;CI CICH,CH,;CI 


Chloroethane 1,2-Dichloroethane 


However, if we compare the set of hydrogens of the CH» group of chloroethane with 
those of its СНз set we find that the hydrogens of the СНз and CH3 groups are heterotopic 
with respect to each other. Replacing either of the two hydrogens of the СН» set by chlo- 
rine yields 1,1-dichloroethane, whereas replacing any one of the set of three CH3 hydro- 
gens yields a different compound, 1,2-dichloroethane. 


replacement of any CH3 
hydrogen by Cl 


СІСНСНСІ  1,2-Dichloroethane 

CH3CH»Cl —— 

Chloroethane replacement of either CH2 
hydrogen by CI 


CH3CHClo  1,1-Dichloroethane 


Chloroethane, therefore, has two sets of hydrogens that are heterotopic with respect to each 
other, the СНз hydrogens and the CH2 hydrogens. The hydrogens of these two sets are not 
chemical shift equivalent, and chloroethane gives two 'H NMR signals. 

Consider 2-methylpropene as a further example: 


\ / | X X 7 
c-( Гааенито у 0—0 + c-d 
/ N / N / N 


(а H CH, (b) H CH, H CH, 


3-Chloro-2-methylpropene  1-Chloro-2-methylpropene 


The six methyl hydrogens (b) are one set of homotopic hydrogens; replacing any one of 
them with chlorine, for example, leads to the same compound, 3-chloro-2-methylpropene. 
The two vinyl hydrogens (a) are another set of homotopic hydrogens; replacing either of 
these leads to 1-chloro-2-methylpropene. 2-Methylpropene, therefore, gives two 'H NMR 
signals. 


9.8 Chemical Shift Equivalent and Nonequivalent Protons 


Using the method of Section 9.8A, determine the number of expected signals for the fol- 
lowing compounds. 


(a) СНз (b сн ()  CH5 
Kr сн, 
Нас 


CH3 
How many signals would each compound give in its ІН NMR spectrum? 
(a) СНаОСНа (о) p (е) (Z)-2-Butene 
OCH3 
(b) ~ (d) 2,3-Dimethyl-2-butene (f) (Е)-2-Вшепе 


Application to '3С NMR Spectroscopy As a preview of what is to come later in 
this chapter when we study ‘SC NMR spectroscopy, let us look briefly at the carbon atoms 
of ethane to see whether we can use a similar method to decide whether they are homo- 
topic or heterotopic, and whether ethane would give one or two 1С signals. Here we сап 
make our imaginary replacements using a silicon atom. 


replacement of either carbon atom by " 
an Si atom 


CH,CH, SiH,CH, 


Ethane 


Only one product is possible; therefore, the carbons of ethane are homotopic, and ethane 
would give only one signal in its ^C spectrum. 

On the other hand, if we consider chloroethane, replacement of a carbon atom by a sil- 
icon atom gives two possibilities: 


replacement of the CH3 


carbon by an Si atom SiH3CH2Cl 


CH3CH,cl — 


replacement of the CH2 
carbon by an Si atom 


CHsSiH;CI 


We do not get the same compounds from each replacement. We can conclude, therefore, 
that the two carbon atoms of chloroethane are heterotopic. They are not chemical shift 
equivalent, and each carbon atom of chloroethane would give a !?C signal at a different 
chemical shift. Chloroethane gives two '*C NMR signals. 


9.8B Enantiotopic and Diastereotopic Hydrogen Atoms 


If replacement of each of two hydrogen atoms by the same group yields compounds that 
are enantiomers, the two hydrogen atoms are said to be enantiotopic. 


€ Enantiotopic hydrogen atoms have the same chemical shift and give only опе 'H 
NMR signal:* 


H H replacement H Q Q H 


id of each H E d bd Br 


H3C Br by some H3C Br H3C 
group Q 


Enantiomers 


*Enantiotopic hydrogen atoms may not have the same chemical shift if the compound is dissolved in a chiral 
solvent. However, most 'H NMR spectra are determined using achiral solvents, and in this situation enantiotopic 
protons have the same chemical shift. 
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The two hydrogen atoms of the —CHeBr group of bromoethane are enantiotopic. 
Bromoethane, then, gives two signals in its 'H NMR spectrum. The three equivalent pro- 
tons of the —CHg group give one signal; the two enantiotopic protons of the — CHeBr 
group give the other signal. [The 'H NMR spectrum of bromoethane, as we shall see, actu- 
ally consists of seven peaks (three in one signal, four in the other). This is a result of sig- 
nal splitting, which is explained in Section 9.9.] 

If replacement of each of two hydrogen atoms by a group, Q, gives compounds that are 
diastereomers, the two hydrogens are said to be diastereotopic. 


ө Except for accidental coincidence, diastereotopic protons do not have the same 
chemical shift and give rise to different 'H NMR signals. 


The two methylene hydrogens labeled ^H and ФН at СЗ in 2-butanol are diastereotopic. 
We can illustrate this by imagining replacement of ^H or °Н with some imaginary group 
Q. The result is a pair of diastereomers. As diastereomers, they have different physical prop- 
erties, including chemical shifts, especially for those protons near the chirality center. 


LOU H OH Н он 
и“. replacement of PM ~ ~ 
3 —————9 
bus *H or ^H by Q "S M 
H ан b 1 » 
H 
2-Butanol = 
(one enantiomer) Diastereomers 


The diastereotopic nature of ^H and ^H at C3 in 2-butanol can also be appreciated by 
viewing Newman projections. In the conformations shown below (Fig. 9.16), as is the case 
for every possible conformation of 2-butanol, ^H and "H experience different environments 
because of the asymmetry from the chirality center at C2. That is, the “molecular landscape" 
of 2-butanol appears different to each of these diastereotopic hydrogens. ^H and ^H expe- 
rience different magnetic environments, and are therefore not chemical shift equivalent. This 
is true in general: diastereotopic hydrogens are not chemical shift equivalent. 


H СНз он 120? rotation ОН ан 
f the front 
o E OH пада H OH 
bH ан ( ) aH СНз ( ) Нас bH 
CH3 СНз CH3 


Figure 9.16 °H and БН (on СЗ, the front carbon in the Newman projection) experience different 
environments in these three conformations, as well as in every other possible conformation of 
2-butanol, because of the chirality center at C2 (the back carbon in the Newman projection). In 
other words, the molecular landscape as viewed from one diastereotopic hydrogen will always 
appear different from that viewed by the other. Hence, ?H and bH experience different magnetic 
environments and therefore should have different chemical shifts (though the difference may be 
small). They are not chemical shift equivalent. 


Alkene hydrogens can also be diastereotopic. The two protons of the —CH? group of 
chloroethene are diastereotopic: 


Ol P Dh a 2N H 
C= replacement C=C i C=C 
/ N byQ / N А N 
H H H H H Q 
M 


Diastereomers 


Chloroethene, then, should give signals from three nonequivalent protons: one for the pro- 
ton of the CICH= group, and one for each of the diastereotopic protons of the =СН› 


group. 
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(a) Show that replacing each of the two methylene protons by Q in the other enantiomer 
of 2-butanol also leads to a pair of diastereomers. 


(b) How many chemically different kinds of protons are there in 2-butanol? 


(c) How many 'H NMR signals would you expect to find in the spectrum of 2-butanol? 


How many 'H NMR signals would you expect from each of the following compounds? 
(a) SOS (i) ОИ (п) 


(€) ^. on AÅ (0) 


k 


(e) 
б " е 


Вг 
(f) : ( 
(g) AL 


(m) 


9.9 Signal Splitting: Spin-Spin Coupling 


Signal splitting arises from a phenomenon known as spin-spin coupling. Spin-spin coupling 
effects are transferred primarily through bonding electrons and lead to spin-spin splitting. 


• Vicinal coupling is coupling between hydrogen atoms on adjacent carbons (vicinal 
hydrogens), where separation between the hydrogens is by three ø bonds. 


The most common occurrence of coupling is vicinal coupling. Hydrogens bonded to the 
same carbon (geminal hydrogens) can also couple, but only if they are diastereotopic. Long- 
range coupling can be observed over more than three bond lengths in very rigid molecules 
such as bicyclic compounds, and in systems where т bonds are involved. We shall limit 
our discussion to vicinal coupling, however. 


9.9A Vicinal Coupling 


@ Vicinal coupling between heterotopic protons generally follows the n + 1 rule 
(Section 9.2C). Exceptions to the п + 1 rule can occur when diastereotopic hydro- 
gens or conformationally restricted systems are involved. 


We have already seen an example of vicinal coupling and how the n + 1 rule applies in 
our discussion of the spectrum of 1,1,2-trichloroethane (Fig. 9.4). To review, the signal from 
the two equivalent protons of the — CH2CI group of 1,1,2-trichloroethane is split into a 
doublet by the proton of the CHCle— group. The signal from the proton of the CHClo— 
group is split into a triplet by the two protons of the —CH2Cl group. 

Before we explain the origin of signal splitting, however, let us also consider two exam- 
ples where signal splitting would not be observed. Part of understanding signal splitting is 
recognizing when you would not observe it. Consider ethane and methoxyacetonitrile. All of 
the hydrogen atoms in ethane are equivalent, and therefore they have the same chemical shift 
and do not split each other. The 'H NMR spectrum of ethane consists of one signal that is a 
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(a (b) 
CH,OCH,CN 


8 7 6 5 4 3 2 1 0 
бн (ppm) 


Figure 9.17 The 300-MHz 'H NMR spectrum of methoxyacetonitrile. The signal of the 
enantiotopic protons (b) is not split. 


singlet. The spectrum of methoxyacetonitrile is shown in Fig. 9.17. While there are two sig- 

nals in the spectrum of methoxyacetonitrile, no coupling is observed and therefore both sig- 

aH (split by one nals are singlets because (1) the hydrogens labeled (a) and (b) are more than three single bonds 
БН proton) apart, and (2) the hydrogens labeled (a) are homotopic and those labeled (b) are enantiotopic. 


6 Signal splitting is not observed for protons that are homotopic (chemical shift 
equivalent) or enantiotopic. 


Let us now explain how signal splitting arises from coupled sets of protons that are not 


homotopic. 


9.9B Splitting Tree Diagrams and the Origin of Signal 
Splitting 


Applied magnetic field, Bo Signal splitting is caused by the magnetic effect of protons that are nearby and nonequiv- 


alent to those protons producing a given signal. Nearby protons have magnetic moments 
— ЈА) that can either add to or subtract from the magnetic field around the proton being observed. 
This effect splits the energy levels of the protons whose signal is being observed into a sig- 
nal with multiple peaks. 
We can illustrate the origin of signal splitting using splitting tree diagrams and by show- 
ing the possible combinations of magnetic moment alignments for the adjacent protons. In 
Figures 9.18, 9.19, and 9.20 we apply this sort of analysis to splitting that would cause the 


Figure ?. онаша tree patterns of a doublet, triplet, and quartet. 


diagram for a doublet. The 
signal from the observed 
hydrogen (ĉH) is split into two Splitting Analysis for a Doublet Figure 9.18 shows a splitting tree diagram for a dou- 
peaks of 1 : 1 intensity by the blet. The signal from the observed hydrogen (*H) is split into two peaks of 1 : 1 intensity by 
additive and subtractive effects the additive and subtractive effects of the magnetic field from a single adjacent hydrogen (PH) 
of the magnetic field from one | А а А : | i 

; b on the applied magnetic field, Bg. The two possible magnetic orientations for the adjacent 
adjacent hydrogen (°H) on Во b 6 . Š 3 б : 
(the applied field). Jap, the hydrogen (7H) that align either against or with the applied magnetic field are shown under- 
spacing between the peaks neath the splitting tree using arrows. Jap, the spacing between the peaks (measured in hertz), 
(measured in hertz), is called the is called the coupling constant. (We shall have more to say about coupling constants later.) 
coupling constant. 


bH aH Splitting Analysis for a Triplet Figure 9.19 shows a splitting tree diagram for a triplet. 
| | The signal from the observed hydrogen (#H) is split into three peaks of 1 : 2 : 1 intensity 
—C—C— by the magnetic effects of two adjacent equivalent hydrogens (Н). The upper level in the 


| | diagram represents splitting from one of the adjacent bH hydrogens, leading initially to two 
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ан (split by two PH protons) 


Figure 9.19 Splitting tree diagram for a triplet. The signal from the observed hydrogen 
(*H) is split into three peaks of 1 : 2 : 1 intensity by two adjacent equivalent hydrogens 
(PH). The upper level of splitting in the diagram represents splitting from one of the 
adjacent PH hydrogens, producing a doublet shown as two legs. The second PH 
hydrogen splits each of these legs again, as shown at the next level. The center legs 

at this level overlap however, because Jap is the same* for the coupling 

of both PH hydrogens with ?H. This analysis accounts for the observed 


Jab — Jab 1:2:1 ratio of intensities in a spectrum (simulated in blue). In any splitting tree 
diagram, the lowermost level most closely represents what we observe in the actual 
ma а = trum. Th ibl ic orientations of th PH hyd h d 
spectrum. The possible magnetic orientations of the two ydrogens are shown under 


the tree diagram with arrows indicating that both of the adjacent hydrogens may be 
aligned with the applied field, or one may be aligned with and the other against (in two 
equal energy combinations, hence twice the intensity), or both may be aligned against 
the applied field. 


Em 


Applied magnetic field, Bg 


bH aH bH aH bH 


C—C 
| d | | | 
H 


*In this example, Ја is the same for both DH hydrogens because we assume them to be homotopic 
or enantiotopic (chemical shift equivalent). If they were diastereotopic or otherwise chemical shift 
nonequivalent, each may have had a different coupling constant with ?H, and the splitting pattern 
would not have been a pure triplet (or not even a triplet at all). For example, if the two coupling 
constants had been significantly different, the pattern would have been a doublet of doublets instead 
of a triplet. Diastereotopic geminal hydrogens that couple with a vicinal hydrogen typically produce 
a doublet of doublets, because geminal coupling constants are often larger than vicinal coupling 
constants. 


legs that appear like the diagram for a doublet. Each of these legs is split by the second PH 
hydrogen, as shown at the next level. The center legs at this level overlap, however, because 
Jap is the same for coupling of both of the PH hydrogens with ?H. This overlap of the two 
center legs reflects the observed 1 : 2 : 1 ratio of intensities in a spectrum, as shown in the 
simulated triplet in Fig. 9.19. (Note that in any splitting tree diagram, the lowermost level 
schematically represents the peaks we observe in the actual spectrum.) 

The possible magnetic orientations of the two PH hydrogens that cause the triplet are 
shown under the splitting diagram with arrows. The arrows indicate that both of the adja- 
cent hydrogens may be aligned with the applied field, or one may be aligned with and the 
other against (in two equal energy combinations, causing a doubling of intensity), or both 
may be aligned against the applied field. Diagraming the possible combinations for the 
nuclear magnetic moments is another way (in addition to the splitting tree diagram) to show 
the origin of the 1 : 2: 1 peak intensities that we observe in a triplet. 


Splitting Analysis for a Quartet Figure 9.20 shows the splitting tree diagram for a quar- 
tet. The signal from the observed hydrogen (°H) is split into three peaks of 1 : 3 : 3 : 1 inten- 
sity by the magnetic effects of three equivalent hydrogens (PH). The same method of analysis 
used for the triplet pattern applies here, wherein each successively lower level in the tree dia- 
gram represents splitting by another one of the coupled hydrogens. Again, because in this case 
Ја is the same for the splitting of ^H by all three of the adjacent PH hydrogens, the internal 
legs of the diagram overlap, and the intensities are additive each time this occurs. The result 
is a pattern of 1 : 3:3: 1 intensities, as we would observe for a quartet in an actual spectrum. 

The possible magnetic orientations shown under the tree diagram for the three PH hydro- 
gens indicate that all three of the adjacent hydrogens may be aligned with the applied field, 
or two may be aligned with the field and one against (in three equal energy combinations), 
or two against and one with the field (again, in three equal energy combinations), or all 
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Figure 9.20 Splitting tree diagram for a quartet. The 
signal from the observed hydrogen (7H) is split into four 
peaks of 1: 3:3: 1 intensity by three equivalent 
hydrogens (PH). The same method of analysis we used 
for the triplet pattern applies here, wherein each 
successively lower level in the tree diagram represents 
splitting by another one of the coupled hydrogens. 
Again, because in this case Jap i is the same for splitting 
of the ĉH the signal by all three DH hydrogens, internal 


ан (split by three PH protons) 


ab Jab ab 
—— =< — 
—— E LL 
== ——— — 
> <_— 
pM —_ 
eo = 
<< —— 
— <—_ 
—— ——— 


legs of the diagram overlap, and intensities amplify each 
time this occurs. The result is a pattern of 1: 3:3: 1 


intensities, as we would observe for a quartet in an 


Applied magnetic field, Bo 


actual spectrum. The possible magnetic orientations 


shown under the tree diagram for the three DH 
hydrogens indicate that all three of the adjacent 
hydrogens may be aligned with the applied field, or two 
may be aligned with the field and one against (in three 
equal energy combinations), or two against and one 
with the field (in three equal energy combinations), or all 
three may be aligned against the applied field. 


bu—C— 


Review Problem 9.7 


с— 


three may be aligned against the applied field. This analysis shows how а quartet results 
from three hydrogens that split the signal of another. 

Let us conclude this section with two last examples. The spectrum of 1,1,2,3,3- 
pentachloropropane (Fig. 9.21) is similar to that of 1,1,2-trichloroethane in that it also consists 
of a 1:2:1 triplet and a 1:1 doublet. The two hydrogen atoms PH of 1,1,2,3,3-pentachloropropane 
are equivalent even though they are on separate carbon atoms. 


The relative positions of the doublet and triplet of 1,1,2-trichloroethane (Fig. 9.4) and 
1,1,2,3,3-pentachloropropane (Fig. 9.21) are reversed. Explain this. 


Finally, returning to the spectrum of bromoethane that we used as the opening example 
in this chapter, the signal from two equivalent protons of the — CHeBr group (Fig. 9.1) 
appears as a 1:3:3:1 quartet because of the type of signal splitting shown in Fig. 9.20. The 
three equivalent protons of the CH3— group are split into a 1:2:1 triplet by the two pro- 
tons of the — CHeBr group. 

The kind of analysis that we have just given can be extended to compounds with even 
larger numbers of equivalent protons on adjacent atoms. These analyses also show that if 
there are n equivalent protons on adjacent atoms, these will split a signal into n + 1 peaks. 
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Figure 9.21 The 300-MHz 1H NMR spectrum of 1,1,2,3,3-pentachloropropane. Expansions of the 
signals are shown in the offset plots. 


(We may not always see all of these peaks in actual spectra, however, because some of them 
may be very small.) 


Sketch the 'H NMR spectrum you would expect for the follow- Cl Cl 

ing compound, showing the splitting patterns and relative position 

of each signal. Cl Cl 
CI CI 


Propose a structure for each of the compounds whose spectra are shown in Fig. 9.22, and 
account for the splitting pattern of each signal. 


А, Сану 


TMS 


8 7 6 5 4 3 2 1 
бн (ppm) 
Figure 9.22 The 300-MHz 1H NMR spectra for compounds A, B, and C in Review Problem 9.9. 


Expansions are shown in the offset plots. 
(continues on the next page) 
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. Helpful Hint 


Reciprocity of coupling constants. 


B, C5H4Clo 
60 58 22 20 TMS 
== 
| 
7 6 5 4 3 2 1 0 
бн (ppm) 
C, C3H¢Clo 
pe 
TMS 
38 36 23 24 
J | 
L 
7 6 5 4 3 2 1 0 
бн (ppm) 


Figure 9.22 (continued). 


9.9C Coupling Constants—Recognizing Splitting Patterns 


Signals from coupled protons share a common coupling constant value. Coupling constants 
are determined by measuring the separation in hertz between each peak of a signal. A typ- 
ical vicinal coupling constant is 6-8 hertz. We showed how coupling constants are mea- 
sured in Figs. 9.18–9.20, where Jap denotes the coupling constant between coupled 
hydrogens ?H and PH. Coupling constants are also used when drawing splitting tree dia- 
grams, as shown in Figs. 9.18—9.20. 

If we were to measure the separation of peaks in both the quartet and the triplet in the 
NMR spectrum of bromoethane (Fig. 9.1), we would find that they have the same coupling 
constant. This phenomenon is called the reciprocity of coupling constants. 

A simulation of the reciprocity of coupling constants for bromoethane is represented in 
Fig. 9.23. While it is easy to assign the splitting patterns in bromoethane without the analysis 
of coupling constants, i.e., using solely the n + 1 rule (as is also the case for the spectra 
shown in Fig. 9.22), the reciprocity of coupling constants can be very helpful when assign- 
ing sets of coupled protons in the spectra of more complicated molecules. 
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ан PH 

MEME" 
X—C—C-—'H 

| (d 

ан PH 

Jap | Jab | Jab | Jab | Jab Figure 9.23 A theoretical splitting pattern for an 
ethyl group. For an actual example, see the spectrum 
Signal for êH Signal for H of bromoethane (Fig. 9.1). 


Other techniques in FTNMR spectroscopy also facilitate the analysis of coupling rela- 
tionships. One such technique is 'H—'H correlation spectroscopy, also known as 'H—'H 
COSY (Section 9.12A). 


796) The Dependence of Coupling Constants on Dihedral 
ngle 


The magnitude of a coupling constant can be indicative of the dihedral angle between cou- 
pled protons. This fact has been used to explore molecular geometry and perform conforma- 
tional analysis by NMR spectroscopy. The dependence of the coupling constant on dihedral 
angles was explored by Martin Karplus (Harvard University), and has become well known as 
the Karplus correlation. A diagram showing the Karplus correlation is given in Fig. 9.24. 


12 
H 
10 F 
B H 
8 = 
N 
= 6r 
X 
= AB 
Figure 9.24 The Karplus correlation defines a 
relationship between dihedral angle (Ф) and 
2r coupling constant for vicinal protons. (Reprinted 
ò with permission of John Wiley & Sons, Inc. from 


Silverstein, R., and Webster, F. X., Spectrometric 
O 20 40 60 80 100 120 140 160 180 Identification of Organic Compounds, Sixth Edition, 
Ф р. 186. Copyright 1998.) 


The influence of dihedral angles on coupling constants is often evident in ће ІН NMR 
spectra of substituted cyclohexanes. The coupling constant between vicinal axial protons 
(Јах ax) is typically 8-10 Hz, which is larger than the coupling constant between vicinal axial 
and equatorial protons (Jax еа), which is typically 2-3 Hz. Measuring coupling constants in 
the NMR spectrum of a substituted cyclohexane can therefore provide information about 
low energy conformations available to the compound. 


What is the dihedral angle and expected coupling constant between the labeled protons in Review Problem 9.10 
each of the following molecules? 
(a) нь (b) нь 

Н, 
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Draw the most stable chair conformation of 1-bromo-2-chlorocyclohexane, if the coupling 
constant between hydrogens on СІ and C2 was found to be 7.8 Hz (J12 = 7.8 Hz). 


Explain how you could distinguish between the following two compounds using NMR cou- 
pling constants. (These compounds are derived from glucose, by a reaction we shall study 
in Chapters 16 and 22.) 


OH 
OH 


HO 
OH HO OCHs 


9.9E Complicating Features 


Proton NMR spectra have other features, however, that are not at all helpful when we try 
to determine the structure of a compound. For example: 


1. Signals may overlap. This happens when the chemical shifts of the signals are very 
nearly the same. In the 60-MHz spectrum of ethyl chloroacetate (Fig. 9.25, top) we 
see that the singlet of the —CH2Cl group falls directly on top of one of the outer- 
most peaks of the ethyl quartet. Using NMR spectrometers with higher magnetic field 
strength (corresponding to 'H resonance frequencies of 300, 500, or 600 MHz) often 
allows separation of signals that would overlap at lower magnetic field strengths (for 
an example, see Fig. 9.25, next page). 


2. Spin-spin couplings between the protons of nonadjacent atoms may occur. This long- 
range coupling happens frequently in compounds when zr-bonded atoms intervene 
between the atoms bearing the coupled protons, and in some cyclic molecules that 
are rigid. 

3. The splitting patterns of aromatic groups can be difficult to ana- X 
lyze. A monosubstituted benzene ring (a phenyl group) has ан ан 
three different kinds of protons: 


The chemical shifts of these protons may be so similar that the phenyl group gives a signal 
that resembles a singlet. Or the chemical shifts may be different and, because of long-range 
couplings, the phenyl group signal may appear as a very complicated multiplet. 


9.9F Analysis of Complex Interactions 


In all of the 'H NMR spectra that we have considered so far, we have restricted our atten- 
tion to signal splittings arising from interactions of only two sets of equivalent protons on 
adjacent atoms. What kinds of patterns should we expect from compounds in which more 
than two sets of equivalent protons are interacting? We cannot answer this question com- 
pletely because of limitations of space, but we can give an example that illustrates the kind 
of analysis that is involved. Let us consider a 1-substituted propane: 
(a) (b) (с) 
СНз — СН — CH2 — Z 

Here, there are three sets of equivalent protons. We have no problem in deciding what kind 
of signal splitting to expect from the protons of the CH3— group or the — CHeZ group. 
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Figure 9.25 (Top) The 60-MHz 1H NMR spectrum of ethyl chloroacetate. Note the overlapping 
signals at 6 4. (Bottom) The 300-MHz 1H NMR spectrum of ethyl chloroacetate, showing resolution 
at higher magnetic field strength of the signals that overlapped at 60 MHz. Expansions of the 
signals are shown in the offset plots. 


The methyl group is spin-spin coupled only to the two protons of the central — СН — 
group. Therefore, the methyl group should appear as a triplet. The protons of the —CH»Z 
group are similarly coupled only to the two protons of the central — СНг— group. Thus, 
the protons of the —CHpoZ group should also appear as a triplet. 

But what about the protons of the central — СН. — group (b)? They are spin-spin cou- 
pled with the three protons at (a) and with two protons at (c). The protons at (a) and (c), 
moreover, are not equivalent. If the coupling constants Ју and Jy, have quite different val- 
ues, then the protons at (b) could be split into a quartet by the three protons at (a) and each 
line of the quartet could be split into a triplet by the two protons at (c), resulting in 12 peaks 
(Fig. 9.26). 
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(b) 


(a) (b) (c) 
CH4CH;CH2Z 


gam ur ee, 
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Figure 9.26 The splitting 4 | # i 3 1 ! ` 1 | Y 
pattern that would occur for the | | | | | | | | | | | 
(b) protons of CH3CH2CH;Z if i i І | | | | І | 
Jap were much larger than Jpc- | | | | | | | | | | | | 
Here Jab = ЗЛЉе. k Joc i Је >| k Joc Є Је >| k Joc $ Jc >| k Joc x Joc >| 


It is unlikely, however, that we would observe as many as 12 peaks in an actual spectrum 
because the coupling constants are such that peaks usually fall on top of peaks. The 'H NMR 
spectrum of 1-nitropropane (Fig. 9.27) is typical of 1-substituted propane compounds, in that 
the central — СН. — group “sees” five approximately equivalent adjacent protons. Hence, 
by the n + 1 rule, we see that the (b) protons are split into six major peaks. 
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Figure 9.27 The 300-MHz 'H NMR spectrum of 1-nitropropane. Expansions of the signals are 
shown in the offset plots. 


Review Problem 9.13 Carry out an analysis like that shown in Fig. 9.26 and show how many peaks the signal 
from (b) would be split into if Ja, = 2Jbc and if Jay = Ље [Hint: In both cases peaks will 
fall on top of peaks so that the total number of peaks in the signal is fewer than 12.] 


The presentation we have given here applies only to what are called first-order 
spectra. In first-order spectra, the distance in hertz (Av) that separates the coupled 
signals is very much larger than the coupling constant, J. That is, Av >> J. In 
second-order spectra (which we have not discussed), Av approaches J in magni- 
tude and the situation becomes much more complex. The number of peaks 
increases and the intensities are not those that might be expected from first-order 
considerations. 
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9.10 Proton NMR Spectra and Rate Processes 


J. D. Roberts (Emeritus Professor, California Institute of Technology), a pioneer in the appli- 
cation of NMR spectroscopy to problems of organic chemistry, has compared the NMR 
spectrometer to a camera with a relatively slow shutter speed. Just as a camera with a slow 
shutter speed blurs photographs of objects that are moving rapidly, the NMR spectrometer 
blurs its picture of molecular processes that are occurring rapidly. 

What are some of the rapid processes that occur in organic molecules? Two processes 
that we shall mention are chemical exchange of hydrogen atoms bonded to heteroatoms 
(such as oxygen and nitrogen), and conformational changes. 


Chemical Exchange Causes Spin Decoupling An example of a rapidly occurring 
process can be seen in 'H NMR spectra of ethanol. The 'H NMR spectrum of ordinary 
ethanol shows the hydroxyl proton as a singlet and the protons of the —CH2— group as 
a quartet (Fig. 9.28). In ordinary ethanol we observe no signal splitting arising from cou- 
pling between the hydroxyl proton and the protons of the —CMH2-— group even though they 
are on adjacent atoms. 
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Figure 9.28 The 300-MHz 'H NMR spectrum of ordinary ethanol. There is no signal splitting by 
the hydroxyl proton due to rapid chemical exchange. Expansions of the signals are shown in the 
offset plots. 


If we were to examine a 'H NMR spectrum of very pure ethanol, however, we would 
find that the signal from the hydroxyl proton was split into a triplet and that the signal from 
the protons of the —CH»s— group was split into a multiplet of eight peaks. Clearly, in very 
pure ethanol the spin of the proton of the hydroxyl group is coupled with the spins of the 
protons of the — СНо— groups. 

Whether coupling occurs between the hydroxyl protons and the methylene protons 
depends on the length of time the proton spends on a particular ethanol molecule. 


@ Protons attached to electronegative atoms with lone pairs such as oxygen (or nitro- 
gen) can undergo rapid chemical exchange. That is, they can be transferred rapidly 
from one molecule to another and are therefore called exchangeable protons. 


The chemical exchange in very pure ethanol is slow and, as a consequence, we see the sig- 
nal splitting of and by the hydroxyl proton in the spectrum. In ordinary ethanol, acidic and 
basic impurities catalyze the chemical exchange; the exchange occurs so rapidly that the 
hydroxyl proton gives an unsplit signal and that of the methylene protons is split only by 
coupling with the protons of the methyl group. 
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@ Rapid exchange causes spin decoupling. 


€ Spin decoupling is found in the 'H NMR spectra of alcohols, amines, and car- 
boxylic acids. The signals of OH and NH protons are normally unsplit and broad. 


@ Protons that undergo rapid chemical exchange (i.e., those attached to oxygen or 
nitrogen) can be easily detected by placing the compound in D20. The protons аге 
rapidly replaced by deuterons, and the proton signal disappears from the spectrum. 


Conformational Changes At temperatures near room temperature, groups connected 
by carbon-carbon single bonds rotate very rapidly (unless rotation is prevented by some 
structural constraint, e.g., a rigid ring system). Because of this, when we determine spec- 
tra of compounds with single bonds that allow rotation, the spectra that we obtain often 
reflect the individual hydrogen atoms in their average environment—that is, in an envi- 
ronment that is an average of all the environments that the protons have as a result of con- 
formational changes. 

To see an example of this effect, let us consider the spectrum of bromoethane again. The 
most stable conformation is the one in which the groups are perfectly staggered. In this stag- 
gered conformation one hydrogen of the methyl group (in red in the following structure) is in 
a different environment from that of the other two methyl hydrogen atoms. If the NMR spec- 
trometer were to detect this specific conformation of bromoethane, it would show the protons 
of the methyl group at a different chemical shift. We know, however, that in the spectrum of 
bromoethane (Fig. 9.1), the three protons of the methyl group give a single signal (a signal 
that is split into a triplet by spin-spin coupling with the two protons of the adjacent carbon). 


H H Н 
‘oe м | 
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The methyl protons of bromoethane give a single signal because at room temperature 
the groups connected by the carbon-carbon single bond rotate approximately 1 million times 
each second. The "shutter speed" of the NMR spectrometer is too slow to "photograph" 
this rapid rotation; instead, it photographs the methyl hydrogen atoms in their average envi- 
ronments, and in this sense, it gives us a blurred picture of the methyl group. 

Rotations about single bonds slow down as the temperature of the compound is low- 
ered. Sometimes, this slowing of rotations allows us to “see” the different conformations 
of a molecule when we determine the spectrum at a sufficiently low temperature. 

An example of this phenomenon, and one that also shows the usefulness of deuterium 
labeling, can be seen in the low-temperature 'H NMR spectra of cyclohexane and of 
undecadeuteriocyclohexane. (These experiments originated with F. A. L. Anet, Emeritus 
Professor, University of California, Los Angeles, another pioneer in the applications of 
NMR spectroscopy to organic chemistry, especially to conformational analysis.) 


H D 


D 
Undecadeuteriocyclohexane 


At room temperature, ordinary cyclohexane gives one signal because interconversion of 
chair forms occurs very rapidly. At low temperatures, however, ordinary cyclohexane gives 
a very complex 'H NMR spectrum. At low temperatures interconversions are slow; the 
chemical shifts of the axial and equatorial protons are resolved, and complex spin-spin cou- 
plings occur. 


9.11 Carbon-13 NMR Spectroscopy 


At — 100°C, however, undecadeuteriocyclohexane gives only two signals of equal inten- 
sity. These signals correspond to the axial and equatorial hydrogen atoms of the following 
two chair conformations. Interconversions between these conformations occur at this low 
temperature, but they happen slowly enough for the NMR spectrometer to detect the indi- 
vidual conformations. [The nucleus of a deuterium atom (a deuteron) has a much smaller 
magnetic moment than a proton, and signals from deuteron absorption do not occur in 1H 
NMR spectra. ] 


How many signals would you expect to obtain in the 'H NMR spectrum of undecadeu- Review Problem 9.14 
teriocyclohexane at room temperature? 


9.11 Carbon-13 NMR Spectroscopy 
9.11A Interpretation of '*C NMR Spectra 


We begin our study of 135 NMR spectroscopy with a brief examination of some special 
features of spectra arising from carbon-13 nuclei. Although '3С accounts for only 1.1% of 
naturally occurring carbon, the fact that 1C can produce an NMR signal has profound 
importance for the analysis of organic compounds. In some important ways '3С spectra are 
usually less complex and easier to interpret than 'H NMR spectra. The major isotope of car- 
bon, on the other hand, carbon-12 (126, with a natural abundance of about 99%, has no 
net magnetic spin and therefore cannot produce NMR signals. 


9.11B One Peak for Each Magnetically Distinct Carbon Atom 
The interpretation of 6C NMR spectra is greatly simplified by the following facts: 

€ Each distinct carbon produces a single peak in a 3C NMR spectrum. 

е Splitting of signals into multiple peaks is not observed in routine C NMR spectra. 


Recall that in 'H NMR spectra, hydrogen nuclei that are near each other (within a few bonds) 
couple with each other and cause the signal for each hydrogen to be split into a multiplet of 
peaks. Coupling is not observed for adjacent carbons because only one carbon atom of every 
100 carbon atoms is a '?C nucleus (1.1% natural abundance). Therefore, the probability of there 
being two 19C atoms adjacent to each other in a molecule is only about 1 in 10,000 (1.1% X 
1.1%), essentially eliminating the possibility of two neighboring carbon atoms splitting each 
other's signal into a multiplet of peaks. The low natural abundance of 1°C nuclei and its inher- 
ently low sensitivity also have another effect: Carbon-13 NMR spectra can be obtained only 
on pulse FTNMR spectrometers, where signal averaging is possible. 

Whereas carbon-carbon signal splitting does not occur in 13C NMR spectra, hydrogen 
atoms attached to carbon can split °C NMR signals into multiple peaks. However, it is 
useful to simplify the appearance of ‘SC NMR spectra by initially eliminating signal split- 
ting for 'H—'SC coupling. This can be done by choosing instrumental parameters that decou- 
ple the proton-carbon interactions, and such a spectrum is said to be broadband (BB) 
proton decoupled. 


€ In a broadband proton-decoupled 1С NMR spectrum, each carbon atom in a dis- 
tinct environment gives a signal consisting of only one peak. 


Most 8С NMR spectra are obtained in the simplified broadband decoupled mode first and 
then in modes that provide information from the 'Н—!3С couplings (Sections 9.110 and 9.11E). 
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9.11C ЗС Chemical Shifts 


As we found with 'H spectra, the chemical shift of a given nucleus depends on the relative 
electron density around that atom. 


@ Decreased electron density around an atom deshields the atom from the magnetic 
field and causes its signal to occur further downfield (higher ppm, to the left) in 
the NMR spectrum. 


@ Relatively higher electron density around an atom shields the atom from the mag- 
netic field and causes the signal to occur upfield (lower ppm, to the right) in the 
NMR spectrum. 


For example, carbon atoms that are attached only to other carbon and hydrogen atoms are 
relatively shielded from the magnetic field by the density of electrons around them, and, 
as a consequence, carbon atoms of this type produce peaks that are upfield іп С NMR 
spectra. On the other hand, carbon atoms bearing electronegative groups are deshielded from 
the magnetic field by the electron-withdrawing effects of these groups and, therefore, 
produce peaks that are downfield in the NMR spectrum. Electronegative groups such as 
halogens, hydroxyl groups, and other electron-withdrawing functional groups deshield the 
carbons to which they are attached, causing their 'SC NMR peaks to occur further 
downfield than those of unsubstituted carbon atoms. Reference tables of approximate chem- 
ical shift ranges for carbons bearing different substituents are available. Figure 9.29 and 
Table 9.2 are examples. [The reference standard assigned as zero ppm in '3С NMR spec- 
tra is also tetramethylsilane (TMS), Si(CH3)4.] 


| TaBLE 9.2 | 772 ) Approximate Carbon-13 Chemical Shifts 


Type of Carbon Atom Chemical Shift (ô, ppm) 

1° Alkyl, RCH3 0-40 

2° Alkyl, ВСЊА 10-50 

3° Alkyl, ВСНВ» | 15-50 

Alkyl halide or amine, —-C—X (x- Cl, Br, or v) 10-65 

Alcohol or ether, —-C—-O— 50-90 

Alkyne, — cz 60-90 
N 

Alkene, C— 100-170 
/ 

Aryl, ( © um 100-170 

Nitrile, —C=N 120-130 

1 | 
Amide, —-C—N— 150-180 
i 
Carboxylic acid or ester, — C— O— 160-185 


Aldehyde or ketone, E 182-215 
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Figure 9.29 Approximate 13С chemical shifts. 


As a first example of the interpretation of С NMR spectra, let us consider the 13C spec- 
trum of 1-chloro-2-propanol (Fig. 9.30a): 
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Figure 9.30 (a) The 
broadband proton- 
decoupled 13C NMR 
spectrum of 1-chloro-2- 
propanol. (b) These three 
spectra show the DEPT 
13C NMR data from 1- 
chloro-2-propanol (see 
Section 9.11E). (This will 
be the only full display of a 
DEPT spectrum in the 
text. Other 1С NMR 
figures will show the full 
broadband proton- 
decoupled spectrum but 
with information from the 
DEPT 130 NMR spectra 
indicated near each peak 
as C. CH, CH», or СНз.) 
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1-Chloro-2-propanol contains three carbon atoms in distinct environments, and therefore pro- 
duces three peaks in its broadband decoupled ‘SC NMR spectrum: approximately at 8 20, 8 
51, and 6 67. Figure 9.30 also shows a close grouping of three peaks at 6 77. These peaks 
come from the deuteriochloroform (СРС) used as а solvent for the sample. Many 'SC NMR 
spectra contain these peaks. Although not of concern to us here, the signal for the single car- 
bon of deuteriochloroform is split into three peaks by an effect of the attached deuterium. 


@ The CDCl, solvent peaks at 5 77 should be disregarded when interpreting 1°C 
spectra. 


As we can see, the chemical shifts of the three peaks from 1-chloro-2-propanol are well 
separated from one another. This separation results from differences in shielding by circu- 
lating electrons in the local environment of each carbon. Remember: The lower the elec- 
tron density in the vicinity of a given carbon, the less that carbon will be shielded, and the 
more downfield will be the signal for that carbon. The oxygen of the hydroxyl group is the 
most electronegative atom; it withdraws electrons most effectively. Therefore, the carbon 
bearing the —OH group is the most deshielded carbon, and so this carbon gives the sig- 
nal that is the furthest downfield, at 6 67. Chlorine is less electronegative than oxygen, caus- 
ing the peak for the carbon to which it is attached to occur more upfield, at 6 51. The methyl 
group carbon has no electronegative groups directly attached to it, so it occurs the furthest 
upfield, at 6 20. Using tables of typical chemical shift values (such as Fig. 9.29 and 
Table 9.2), one can usually assign ‘SC NMR signals to each carbon in a molecule, on the 
basis of the groups attached to each carbon. 


9.11D Off-Resonance Decoupled Spectra 


At times, more information than a predicted chemical shift is needed to assign an NMR 
peak to a specific carbon atom of a molecule. Fortunately, NMR spectrometers can differ- 
entiate among carbon atoms on the basis of the number of hydrogen atoms that are attached 
to each carbon. Several methods to accomplish this are available. One method not widely 
used anymore is called off-resonance decoupling. In an off-resonance decoupled IC NMR 
spectrum, each carbon signal is split into a multiplet of peaks, depending on how many 
hydrogens are attached to that carbon. An n + 1 rule applies, where n is the number of 
hydrogens on the carbon in question. Thus, a carbon with no hydrogens produces a singlet 
(n — 0), a carbon with one hydrogen produces a doublet (two peaks), a carbon with two 
hydrogens produces a triplet (three peaks), and a methyl group carbon produces a quartet 
(four peaks). Interpretation of off-resonance decoupled ЗС spectra, however, is often com- 
plicated by overlapping peaks from the multiplets. 


9.11E DEPT '3C Spectra 
DEPT /?C NMR spectra are very simple to interpret. 


e DEPT $C NMR spectra indicate how many hydrogen atoms are bonded to each 
carbon, while also providing the chemical shift information contained in a broad- 
band proton-decoupled ‘SC NMR spectrum. The carbon signals in a DEPT spec- 
trum are classified as CH3, CH2, CH, or C accordingly. 


A DEPT (distortionless enhancement by polarization transfer) spectrum is actually pro- 
duced using data from several !?C spectra of the same sample (Fig. 9.305), with the net 
spectrum result providing the information about the hydrogen substitution at each carbon 
(Fig. 9.30a). In this text we show the 13C peaks labeled according to the information gained 
from the DEPT spectra for the compound under consideration, rather than reproducing the 
entire family of spectra that lead to the final result. 

As a further example of interpreting ЗС NMR spectra, let us look at the spectrum of 
methyl methacrylate (Fig. 9.31). (This compound is the monomeric starting material for 
the commercial polymers Lucite and Plexiglas, see Chapter 10.) The five carbons of methyl 
methacrylate represent carbon types from several chemical shift regions of !?C spectra. 
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Figure 9.31 The broadband proton-decoupled !?C NMR spectrum of methyl methacrylate. 
Information from the DEPT С NMR spectra is given above the peaks. 


Furthermore, because there is no symmetry in the structure of methyl methacrylate, all of its 
carbon atoms are chemically unique and so produce five distinct carbon NMR signals. Making 
use of our table of approximate 13C chemical shifts (Fig. 9.29 and Table 9.2), we can read- 
ily deduce that the peak at 8 167.3 is due to the ester carbonyl carbon, the peak at 6 51.5 is 
for the methyl carbon attached to the ester oxygen, the peak at 6 18.3 is for the methyl attached 
to C2, and the peaks at 6 136.9 and 6 124.7 are for the alkene carbons. Additionally, employ- 
ing the information from the DEPT "ЗС spectra, we can unambiguously assign signals to the 
alkene carbons. The DEPT spectra tell us definitively that the peak at ô 124.7 has two attached 
hydrogens, and so it is due to C3, the terminal alkene carbon of methyl methacrylate. The 
alkene carbon with no attached hydrogens is then, of course, C2. 


Compounds A, B, and С are isomers with the formula C5H,44Br. Their broadband proton- Review Problem 9.15 
decoupled С NMR spectra are given in Fig. 9.32. Information from the DEPT 13C NMR 
spectra is given near each peak. Give structures for A, B, and C. 
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Figure 9.32 Тһе broadband proton-decoupled 132 NMR spectra of compounds A, B, and C, 
Review Problem 9.15. Information from the DEPT 1°C NMR spectra is given above the peaks. 
(continues on the next page) 
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B, C5H44Br CH3 
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Figure 9.32 (continued). 


9.12 Two-Dimensional (2D) NMR Techniques 


Many NMR techniques are now available that greatly simplify the interpretation of NMR spec- 
tra. Chemists can now readily glean information about spin-spin coupling and the exact con- 
nectivity of atoms in molecules through techniques called multidimensional NMR 
spectroscopy. These techniques require an NMR spectrometer of the pulse (Fourier trans- 
form) type. The most common multidimensional techniques utilize two-dimensional NMR 
(2D NMR) and go by acronyms such as COSY, HETCOR, and a variety of others. [Even 
three-dimensional techniques (and beyond) are possible, although computational requirements 
can limit their feasibility.] The two-dimensional sense of 2D NMR spectra does not refer to 
the way they appear on paper but instead reflects the fact that the data are accumulated using 
two radio frequency pulses with a varying time delay between them. Sophisticated applica- 
tion of other instrumental parameters is involved as well. Discussion of these parameters and 
the physics behind multidimensional NMR is beyond the scope of this text. The result, how- 
ever, is an NMR spectrum with the usual one-dimensional spectrum along the horizontal and 
vertical axes and a set of correlation peaks that appear in the x—y field of the graph. 
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When 2D NMR is applied to 'H NMR it is called 'H—'H correlation spectroscopy (or 
COSY for short). COSY spectra are exceptionally useful for deducing proton-proton cou- 
pling relationships. Two-dimensional NMR spectra can also be obtained that indicate cou- 
pling between hydrogens and the carbons to which they are attached. In this case it is called 
heteronuclear correlation spectroscopy (HETCOR, or C-H HETCOR). When ambi- 
guities are present in the one-dimensional !Н and С NMR spectra, a HETCOR spectrum 
can be very useful for assigning precisely which hydrogens and carbons are producing their 
respective peaks. 


9.12A COSY Cross-Peak Correlations 


Figure 9.33 shows the COSY spectrum for 1-chloro-2-propanol. In a COSY spectrum the 
ordinary one-dimensional !H spectrum is shown along both the horizontal and the vertical 
axes. Meanwhile, the x-y field of a COSY spectrum is similar to a topographic map and 
can be thought of as looking down on the contour lines of a map of a mountain range. Along 
the diagonal of the COSY spectrum is a view that corresponds to looking down on the ordi- 
nary one-dimensional spectrum of 1-chloro-2-propanol as though each peak were a moun- 
tain. The one-dimensional counterpart of a given peak on the diagonal lies directly below 
that peak on each axis. The peaks on the diagonal provide no new information relative to 
that obtained from the one-dimensional spectrum along each axis. 
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Figure 9.33 COSY spectrum of 1-chloro-2-propanol. 
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The important and new information from the COSY spectrum, however, comes from the 
correlation peaks (“mountains”) that appear off the diagonal (called “cross peaks"). If one 
starts at a given cross peak and imagines two perpendicular lines (i.e., parallel to each spec- 
trum axis) leading back to the diagonal, the peaks intersected on the diagonal by these lines 
are coupled to each other. Hence, the peaks on the one-dimensional spectrum directly below 
the coupled diagonal peaks are coupled to each other. The cross peaks above the diagonal 
are mirror reflections of those below the diagonal; thus the information is redundant and 
only cross peaks on one side of the diagonal need be interpreted. The x—y field cross-peak 
correlations are the result of instrumental parameters used to obtain the COSY spectrum. 

Let’s trace the coupling relationships in 1-chloro-2-propanol made evident in its COSY 
spectrum (Fig. 9.33). (Even though coupling relationships from the ordinary one-dimen- 
sional spectrum for 1-chloro-2-propanol are fairly readily interpreted, this compound makes 
a good beginning example for interpretation of COSY spectra.) First, one chooses a start- 
ing point in the COSY spectrum from which to begin tracing the coupling relationships. A 
peak whose assignment is relatively apparent in the one-dimensional spectrum is a good 
point of reference. For this compound, the doublet from the methyl group at 1.2 ppm is 
quite obvious and readily assigned. If we find the peak on the diagonal that corresponds to 
the methyl doublet (labeled *H in Fig. 9.33 and directly above the one-dimensional methyl 
doublet on both axes), an imaginary line can be drawn parallel to the vertical axis that inter- 
sects a correlation peak (labeled PH—°H) in the x-y field off the diagonal. From here a per- 
pendicular imaginary line can be drawn back to its intersection with the diagonal peaks. 
At its intersection we see that this diagonal peak is directly above the one-dimensional spec- 
trum peak at 6 3.9. Thus, the methyl hydrogens at 6 1.2 are coupled to the hydrogen whose 
signal appears at 6 3.9. It is now clear that the peaks at 6 3.9 are due to the hydrogen on 
the alcohol carbon in 1-chloro-2-propanol (PH on C2). 

Returning to the peak on the diagonal above 6 3.9, we can trace a line back parallel to the 
horizontal axis that intersects a pair of cross peaks between 6 3.4 and 6 3.5. Moving back up 
to the diagonal from each of these cross peaks (?H'—?H and ?H'—^H) indicates that the hydro- 
gen whose signal appears at 8 3.9 is coupled to the hydrogens whose signals appear at 6 3.4 
and 6 3.5. The hydrogens at 8 3.4 and 6 3.5 are therefore the two hydrogens on the carbon 
that bears the chlorine (ĉH’ and ?H"). One can even see that ?H' and ?H" couple with each 
other by the cross peak they have in common between them right next to their diagonal peaks. 
(8H' and °H” are diastereotopic. See Section 9.8B.) Thus, from the COSY spectrum we can 
quickly see which hydrogens are coupled to each other. Furthermore, from the reference start- 
ing point, we can “walk around" a molecule, tracing the neighboring coupling relationships 
along the molecule's carbon skeleton as we go through the COSY spectrum. 


9.12B HETCOR Cross-Peak Correlations 


In a HETCOR spectrum a '?C spectrum is presented along one axis and a 'H spectrum is 
shown along the other. Cross peaks relating the two types of spectra to each other are found 
in the x-y field. Specifically, the cross peaks in a HETCOR spectrum indicate which hydro- 
gens are attached to which carbons in a molecule, or vice versa. These cross-peak correla- 
tions are the result of instrumental parameters used to obtain the HETCOR spectrum. There 
is no diagonal spectrum in the x—y field like that found in the COSY spectrum. If imaginary 
lines are drawn from a given cross peak in the x-y field to each respective axis, the cross peak 
indicates that the hydrogen giving rise to the 'H NMR signal on one axis is coupled (and 
attached) to the carbon that gives rise to the corresponding С NMR signal on the other axis. 
Therefore, it is readily apparent which hydrogens are attached to which carbons. 

Let us take a look at the HETCOR spectrum for 1-chloro-2-propanol (Fig. 9.34). Having 
interpreted the COSY spectrum already, we know precisely which hydrogens of 1-chloro-2- 
propanol produce each signal in the 'H spectrum. If an imaginary line is taken from the methyl 
doublet of the proton spectrum at 1.2 ppm (vertical axis) out to the correlation peak in the x—y 
field and then dropped down to the !3С spectrum axis (horizontal axis), it is apparent that the 
13C peak at 20 ppm is produced by the methyl carbon of 1-chloro-2-propanol (C3). Having 
assigned the 'H NMR peak at 3.9 ppm to the hydrogen on the alcohol carbon of the molecule 
(C2), tracing out to the correlation peak and down to the '?C spectrum indicates that the 1С 
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Figure 9.34  'H-'?C HETCOR NMR spectrum of 1-chloro-2-propanol. The 'H NMR spectrum is 
shown in blue and the ‘SC NMR spectrum is shown in green. Correlations of the !H-?C cross 


peaks with the one-dimensional spectra are indicated by red lines. 


NMR signal at 67 ppm arises from the alcohol carbon (C2). Finally, from the !H NMR peaks 
at 3.4—3.5 ppm for the two hydrogens on the carbon bearing the chlorine, our interpretation 
leads us out to the cross peak and down to the 13C peak at 51 ppm (C1). 

Thus, by a combination of COSY and HETCOR spectra, all !?C and 'H peaks can be 
unambiguously assigned to their respective carbon and hydrogen atoms in 1-chloro-2- 
propanol. (In this simple example using 1-chloro-2-propanol, we could have arrived at 
complete assignment of these spectra without COSY and HETCOR data. For many com- 
pounds, however, the assignments are quite difficult to make without the aid of these 2D 


NMR techniques.) 


An important application of 'H NMR spectroscopy in med- 
icine today is a technique called magnetic resonance imag- 
ing, or MRI. One great advantage of MRI is that, unlike 
X-rays, it does not use dangerous ionizing radiation, and it 
does not require the injection of potentially harmful chem- 
icals in order to produce contrasts in the image. In MRI, a 
portion of the patient's body is placed in a powerful mag- 
netic field and irradiated with RF energy. 

A typical MRI image is shown at the right. The instru- 
ments used in producing images like this one use the pulse 
method (Section 9.5) to excite the protons in the tissue 
under observation and use a Fourier transformation to trans- 
late the information into an image. The brightness of vari- 
ous regions of the image is related to two things. 


THE CHEMISTRY OF... 


Magnetic Resonance Imaging in Medicine 


An image obtained by magnetic resonance imaging. 
(continues on the next page) 
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The first factor is the number of protons in the tissue at 
that particular place. The second factor arises from what are 
called the relaxation times of the protons. When protons 
are excited to a higher energy state by the pulse of RF 
energy, they absorb energy. They must lose this energy to 
return to the lower energy spin state before they can be 
excited again by a second pulse. The process by which the 
nuclei lose this energy is called relaxation, and the time it 
takes to occur is the relaxation time. 

There are two basic modes of relaxation available to pro- 
tons. In one, called spin-lattice relaxation, the extra energy 
is transferred to neighboring molecules in the surroundings 
(or lattice). The time required for this to happen is called T4 
and is characteristic of the time required for the spin sys- 
tem to return to thermal equilibrium with its surroundings. 
In solids, Т; can be hours long. For protons in pure liquid 
water, T4 is only a few seconds. In the other type of relax- 
ation, called spin-spin relaxation, the extra energy is dissi- 
pated by being transferred to nuclei of nearby atoms. The 
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time required for this is called T». In liquids the magnitude 
of Tz is approximately equal to T4. In solids, however, the 
Т is very much longer. 

Various techniques based on the time between pulses of 
RF radiation have been developed to utilize the differences 
in relaxation times in order to produce contrasts between 
different regions in soft tissues. The soft tissue contrast is 
inherently higher than that produced with X-ray techniques. 
Magnetic resonance imaging is being used to great effect 
in locating tumors, lesions, and edemas. Improvements in 
this technique are occurring rapidly, and the method is not 
restricted to observation of proton signals. 

One important area of medical research is based on the 
observation of signals from ?'P. Compounds that contain 
phosphorus as phosphate esters (Section 11.10) such as 
adenosine triphosphate (ATP) and adenosine diphosphate 
(ADP), are involved in most metabolic processes. By using 
techniques based on NMR, researchers now have a nonin- 
vasive way to follow cellular metabolism. 


9.13 An Introduction to Mass Spectrometry 


Mass spectrometry (MS) involves formation of ions in a mass spectrometer followed by 
separation and detection of the ions according to mass and charge. A mass spectrum is a 
graph that on the x-axis represents the formula weights of the detected ions, and on the y- 
axis represents the abundance of each detected ion. The x-axis is labeled m/z, where m — 
mass and z = charge. In examples we shall consider, z equals + 1, and hence the x-axis effec- 
tively represents the formula weight of each detected ion. The y-axis expresses relative ion 
abundance, usually as a percentage of the tallest peak or directly as the number of detected 
ions. The tallest peak is called the base peak. As a typical example, the mass spectrum of 


propane is shown in Fig. 9.35. 
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The x-axis, in units of m/z, represents the formula weight of the 
detected ions. m/z is the mass (m) to charge (z) ratio. Because 2 is 
typically --1, m/z represents the formula weight of each ion. 


B The y-axis represents the relative abundance of each detected ion. 


The most abundant ion (tallest peak) is called the base peak. The 
base peak is usually an easily formed fragment of the original 
compound. In this case it is an ethyl fragment (C; Hz", m/z 29). 


One of the higher value m/z peaks may or may not represent the 
molecular ion (the ion with the formula weight of the original 
compound). When present, the molecular ion (m/z 44 in the case of 
propane) is usually not the base peak, because ions from the 
original molecule tend to fragment, resulting in the other m/z peaks 
in the spectrum. 


Small peaks having m/z values 1 or 2 higher than the formula weight 
of the compound are due to С and other isotopes (Section 9.17). 


Figure 9.35 А mass spectrum of propane. (NIST Mass Spec Data Center, S. E. Stein, director, 
"Mass Spectra" in NIST Chemistry WebBook, NIST Standard Reference Database Number 69, 
Eds. P. J. Linstrom and W. G. Mallard, June 2005, National Institute of Standards and Technology, 
Gaithersburg, MD, 20899 (http://webbook.nist.gov).) 
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9.14 Formation of lons: Electron Impact lonization 


The ions in mass spectrometry may be formed in a variety of ways. One method for convert- 
ing molecules to ions (ionization) in a mass spectrometer is to place a sample under high vac- 
uum and bombard it with a beam of high-energy electrons (~70 eV, or ~6.7 X 10? kJ тог“ |). 
This method is called electron impact (EI) ionization mass spectrometry. The impact of the 
electron beam dislodges a valence electron from the gas-phase molecules, leaving them with 
a +1 charge and an unshared electron. This species is called the molecular ion (M*). We can 
represent this process as follows: 


Note the 7, representing 
an unshared electron 
and the net +1 charge. 


M + e => Mt t 2e 
Molecule High-energy Molecular 
electron ion 


The molecular ion is a radical cation because it contains both an unshared electron and a 
positive charge. Using propane as an example, we can write the following equation to rep- 
resent formation of its molecular ion by electron impact ionization: 


A radical cation 
CH,CH,CH, + e- — [CH;CH;CH;]: + 2e- 
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Notice that we have written the above formula for the propane radical cation in brackets. 
This is because we do not know precisely from where the electron was lost in propane. We 
only know that one valence electron in propane was dislodged by the electron impact 
process. However, depicting the molecular ion with a localized charge and odd electron is 
sometimes useful (as we shall discuss in Section 9.16 when considering fragmentation reac- 
tions). One possible formula representing the molecular ion from propane with a localized 
charge and an odd electron is the following: 


CH;CH,! CH, 


In many cases, the choice of just where to localize the odd electron and charge is arbitrary, 
however. This is especially true if there are only carbon-carbon and carbon-hydrogen single 
bonds, as in propane. When possible, though, we write the structure showing the molecular 
ion that would result from the removal of one of the most loosely held valence electrons of the 
original molecule. Just which valence electrons are most loosely held can usually be estimated 
from ionization potentials (Table 9.3). [The ionization potential of a molecule is the amount 
of energy (in electron volts) required to remove a valence electron from the molecule. ] 

As we might expect, ionization potentials indicate that the nonbonding electrons of nitro- 
gen, oxygen, and halogens and the 7 electrons of alkenes and aromatic molecules are held  — 2 ____ 
more loosely than the electrons of carbon-carbon and carbon-hydrogen с bonds. Therefore, lonization 


lonization Potentials 
of Selected Molecules 


the convention of localizing the odd electron and charge is especially applicable when the Potential 
| : А Compound (eV) 
molecule contains oxygen, nitrogen, or a т bond. The following are examples of these cases. 
CH3(CH2)3NH2 8.7 
Radical cations from ionization CeHe (benzene) 9.2 
of nonbonding or z electrons. CoH, 10.5 
CH3OH 10.8 
+ .+ 
CH3—OH . CH,—N—CH,  CH»CHCH,CH3 CaHe 11.5 
| CH3 12.7 


CH3 
Methanol Trimethylamine 1-Butene 
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9.16 Fragmentation 


Helpful Hint 


Recall that we use single-barbed 
arrows to show the movement 
of single electrons, as in the case 
of these homolytic bond cleavages 
and other processes involving 
radicals (see Section 3.1A). 
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Molecular ions formed by EI mass spectrometry are highly energetic species, and in the 
case of complex molecules, a great many things can happen to them. A molecular ion can 
break apart in a variety of ways, the fragments that are produced can undergo further frag- 
mentation, and so on. We cannot go into all of the processes that are possible, but we can 
examine a few of the more important ones. 

As we begin, let us keep three important principles in mind: 


1. The reactions that take place in a mass spectrometer are unimolecular, that is, they 
do not involve collisions between molecules or ions. This is true because the pres- 
sure is kept so low (1079 torr) that reactions involving bimolecular collisions do not 
occur. 


2. We use single-barbed arrows to depict mechanisms involving single electron move- 
ments (see Section 3.1A). 


3. The relative ion abundances, as indicated by peak intensities, are very important. We 
shall see that the appearance of certain prominent peaks in the spectrum gives us key 
information about the structures of the fragments produced and about their original 
locations in the molecule. 


9.16A Fragmentation by Cleavage at a Single Bond 


One important type of fragmentation is the simple cleavage of a single bond. With a radi- 
cal cation this cleavage can take place in at least two ways; each way produces a cation 
and a radical. Only the cations are detected in a positive ion mass spectrometer. (The rad- 
icals, because they are not charged, are not detected.) With the molecular ion obtained from 
propane by loss of one carbon-carbon с bonding electron, for example, two possible modes 
of cleavage are 


ә CHCH + -CH 


ou e CHCH; + *CHs 


These two modes of cleavage do not take place at equal rates, however. Although the rel- 
ative abundance of cations produced by such a cleavage is influenced by the stability of 
both the carbocation and the radical, the carbocation’s stability is more important.* In the 
spectrum of propane shown earlier (Fig. 9.35), the peak at m/z 29 (CH3CH3) is the most 
intense peak; the peak at m/z 15 (CH3) has a relative abundance of only 5.6%. This reflects 
the greater stability of CH3CH3 as compared to CH3. 

When drawing mechanism arrows to show cleavage reactions it is convenient to choose 
a localized representation of the radical cation, as we have done above for propane. (When 
showing only an equation for the cleavage and not a mechanism, however, we would use 
the convention of brackets around the formula with the odd electron and charge shown out- 
side.) Fragmentation equations for propane would be written in the following way (note 
the use of single-barbed arrows): 


CH,CH4CH, —> CH,CH, + -CH, 
CH,CH,CH, — or mies 


CH,CHjCH, — CH,CH; + *CH, 
m/z 15 
*This can be demonstrated through thermochemical calculations that we cannot go into here. The interested 


student is referred to McLafferty, F. W., Interpretation of Mass Spectra, 2nd ed.; Benjamin: Reading, MA, 1973; 
рр. 41, 210-211. 
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Solved Problem 9.6 


The mass spectrum of CH3F is given in Fig. 9.36. (a) Draw a likely structure for the molecular ion (m/z 34). 
(b) Assign structural formulas to the two other high abundance peaks (m/z 33 and m/z 15) in the spectrum. 
(c) Propose an explanation for the low abundance of the peak at m/z 19. 


100 
| | | miz Relative lon Abundance 
Ф 
2950 14 172 
Е | | | 15 100.0 
R 60 19 2.0 
5 | | | 31 10.4 
g “9 32 9.4 
Е | | | 33 89.5 
c 2 34 95.4 
| | r | | | | i zm ie) Figure 9.36 Mass 
10 15 20 25 30 35 spectrum for Solved 
mz Problem 9.6. 


STRATEGY AND ANSWER 


(a) Nonbonding electrons have lower ionization energies than bonding electrons, so we can expect that the mole- 
cular ion for CH3F was formed by loss of an electron from the fluorine atom. 


electron 
impact 
= E ionization e E 
=F => =e 
e =F CH3 Iz (El) CH3 F ar 2e 


(b) The ion with m/z 33 differs from the molecular ion by one atomic mass unit, thus a hydrogen atom must have 
been lost. Cleavage with loss of a hydrogen atom could occur as follows, leaving both the carbon and fluorine 
with full valence electron shells, but as a cationic species overall. 


i, d. n 
H^ ae F: ze & СЕ; «—À JE == 
P Fo 


The ion with m/z 15 must be a methyl carbocation formed by loss of a fluorine atom, as shown below. The fleet- 
ing existence of a methyl carbocation is possible in electron impact ionization (EI) mass spectrometry (MS) 
because electrons with high kinetic energy bombard the species undergoing analysis, allowing higher energy 
pathways to be followed than occur with reactions that take place in solution. 


H 
Heu à ud 
= CFs o ===> :F: 
ia uw - 


(c) The m/z 19 peak in this spectrum would have to be a fluorine cation. The presence of only 6 valence electrons 
in an F* ion and the strong electronegativity of fluorine would create a very high energy barrier to formation 
of F* and hence, cause it to be formed in very low abundance relative to other ionization and cleavage path- 
ways for CH3F*. 
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Figure 9.37 Mass spectrum 10 20 30 40 50 60 70 80 90 100 
of hexane. m/z 


Figure 9.38 Mass spectrum of 
2-methylbutane. 


9.16B Fragmentation of Longer Chain and Branched 
Alkanes 


The mass spectrum of hexane shown in Fig. 9.37 illustrates the kind of fragmentation 
a longer chain alkane can undergo. Here we see a reasonably abundant molecular ion at 
m/z 86 accompanied by a small Mi +1 peak. There is also a smaller peak at m/z 71 
(M? — 15) corresponding to the loss of -CH3, and the base peak is at m/z 57 (М“ — 29) cor- 
responding to the loss of -CH2CHs. The other prominent peaks аге at m/z 43 (M* — 43) and 
т/с 29 (М — 57), corresponding to the loss of -CHa2CH2CHs and -CHsCH»sCHsCHs3, 
respectively. The important fragmentations are just the ones we would expect: 


CH,CH,CH,CH,CH,* + -CH, 


m/z71 
CH,CH,CH,CH,* + -CH,CH, 
[CH,CH,CH,CH,CH,CH,I* mz 57 
CH,CH,CH,* + -CH,CH,CH, 
m/z 43 
CH,CH,* + -CH,CH,CH,CH, 
m/z 29 


Chain branching increases the likelihood of cleavage at a branch point because a more 
stable carbocation can result. When we compare the mass spectrum of 2-methylbutane 
(Fig. 9.38) with the spectrum of hexane, we see a much more intense peak at M: — 15. 


Relative lon Abundance 


10 20 30 40 50 60 70 80 90 100 
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Loss of a methyl radical from the molecular ion of 2-methylbutane can give a secondary 
carbocation: 


CH, t 
CH,CHCH,CH,| —— CH,CHCH,CH,+ :CH, 


m/z 72 m/z 57 
М + Mt— 15 


whereas with hexane loss of a methyl radical can yield only a primary carbocation. 

With neopentane (Fig. 9.39), this effect is even more dramatic. Loss of a methyl radi- 
cal by the molecular ion produces a tertiary carbocation, and this reaction takes place so 
readily that virtually none of the molecular ions survive long enough to be detected: 


+ 


qh : Fh 
cH e ons = che + -CH, 
CH, CH, 
m/z72 m/z 57 
Mt M:- 15 
Mt – 15 
100 57 
$ 80 
[s] 
то 
5 | 
8 60 
< м 48. М т 31 | 
2 40 29 é 
Ф 
= 
i EMEN 
g 20 |M* -57 Mt 
15 | | | 72 
0 | oll | mm os III | 
10 20 30 40 50 60 70 80 90 100 Figure 9.39 Mass spectrum of 
m/z neopentane. 
In contrast to 2-methylbutane and neopentane, the mass spectrum of 3-methylpentane (not Review Problem 9.16 


given) has a peak of very low relative abundance at M* — 15. It has a peak of very high 
relative abundance at М — 29, however. Explain. 


9.16C Fragmentation to Form Resonance-Stabilized 
Cations 


Carbocations stabilized by resonance are usually prominent in mass spectra. Several ways 
that resonance-stabilized carbocations can be produced are outlined in the following list. 
These examples begin by illustrating the likely sites for initial ionization (7r and nonbonding 
electrons), as well. 


1. Alkenes ionize and frequently undergo fragmentations that yield resonance-stabilized 
allylic cations: 


ionization 
—e 


О rN fragmentation | 


CH,—CH—CH,—R > CH CH% СНВ *CH,— CH —CH, +-R 
U 


m/z 41 


CH,—CH—CH, 
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2. Carbon-carbon bonds next to an atom with an unshared electron pair usually break 
readily because the resulting carbocation is resonance stabilized: 


+ ionization EVAN fragmentation 
R—Z—CH,—CH, —= Веи > 


R—Z-—CH, +-CH, 
R—Z—CH, 


where Z = N, O, or S; R may also be H. 


3. Carbon-carbon bonds next to the carbonyl group of an aldehyde or ketone break read- 
ily because resonance-stabilized ions called acylium ions are produced: 


R 
R 
Seo uN gu fragmentation p, CÓ: -R 
R' 33 | 
+ *, 
R'—C—O; 
Acylium ion 
R 
ör A YO. fragmentation R—C=O0: + R. 
R’ | 
+ РА 
R—C—O. 
Acylium ion 


4. Alkyl-substituted benzenes ionize by loss of a 7 electron and undergo loss of a 
hydrogen atom or methyl group to yield the relatively stable tropylium ion 
(see Section 14.7C). This fragmentation gives a prominent peak (sometimes the base 
peak) at m/z 91: 


fragmentation and 


CH, CH, а а 
ionization 
————À 
mo 


m/z 91 Tropylium ion 
CH, fragmentation and 
rearrangement, 
-CH, 
CH, m/z 91 


5. Monosubstituted benzenes with other than alkyl groups also ionize by loss of a 7 
electron and then lose their substituent to yield a phenyl cation with m/z 77: 


а 0 
d ionization | КОВ : O Y = halogen, —NO,, —CR, —R, and so on 


m/z 77 
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Propose structures and fragmentation mechanisms corresponding to ions with m/z 57 and Review Problem 9.17 
4] in the mass spectrum of 4-methyl-1-hexene. 


A 
22 ionization P 
—————À 
(loss of a 


m electron) 


m/z 57 m/z 41 


Solved Problem 9.7 


Explain the following observations that can be made about the mass spectra of alcohols: 


(a) The molecular ion peak of a primary or secondary alcohol is very small; with a tertiary alcohol it is usually 
undetectable. 


(b) Primary alcohols show a prominent peak at m/z 31. 

(c) Secondary alcohols usually give prominent peaks at m/z 45, 59, 73, and so on. 
(d) Tertiary alcohols have prominent peaks at m/z 59, 73, 87, and so on. 
STRATEGY AND ANSWER 


(a) Alcohols undergo rapid cleavage of a carbon-carbon bond next to oxygen because this leads to a resonance- 
stabilized cation. 


1° alcohol RICHY ÒH 28 CH, =0H < ĈH,—ÖH 
GREN fd EB t + 2 

2° alcohol R—ËR OH Œ> RCH=OH <= RĊH—ÖH 
cR 


3° alcohol R COH 205 RC=OH < PO ÖH 


The cation obtained from a tertiary alcohol is the most stable (because of the electron-releasing R groups). 
(b) Primary alcohols give a peak at m/z 31 due to CH;— OH. 
(c) Secondary alcohols give peaks at m/z 45, 59, 73, and so forth, because ions like the following are produced. 
+ + + 
CH4,CH = OH CH,CH,CH= OH CH,CH,CH,CH = OH 
m/z 45 m/z 59 m/z 73 
(d) Tertiary alcohols give peaks at m/z 59, 73, 87, and so forth, because ions like the following are produced. 
+ - - 
im OH в OH dod а ак 
CH, CH, CH, 

m/z 59 m/z 73 m/z 87 
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below. Explain your answer. 


P 


p CN LM N 
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100 Pa 
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Figure 9.40 Mass spectrum for Review Problem 9.18. 
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Figure 9.41 Mass spectrum for Review Problem 9.18. 


Match the mass spectra in Figs. 9.40 and 9.41 to the corresponding compounds shown 


Mt 
116 
[| 
100 110 120 


9.16D Fragmentation by Cleavage of Two Bonds 


Many peaks in mass spectra can be explained by fragmentation reactions that involve the 
breaking of two covalent bonds. When a radical cation undergoes this type of fragmenta- 
tion, the products are a new radical cation and a neutral molecule. Some important exam- 


ples, starting from the initial radical cation, are the following: 


1. Alcohols frequently show a prominent peak at M* — 18. This corresponds to the loss 


of a molecule of water: 


which can also be written as 


[R—CH,—CH,—OH] + —> [R—CH=CH,]+ + H,O 


Mt Mt — 18 
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2. Cycloalkenes can undergo a retro-Diels—Alder reaction (Section 13.11) that produces 
an alkene and an alkadienyl radical cation: 


which can also be written as 


(37 C + | 
G Su 


3. Carbonyl compounds with a hydrogen on their y carbon undergo a fragmentation 
called the McLafferty rearrangement. 


R 


H 
teo Nen 4H R 
l^ МОН А cA 
Сиу CH >? T 
ра C C 
Y C Y^ Nch, 2 


Ho 


where Y — R, H, OR, OH, and so on. 


In addition to these reactions, we frequently find peaks in mass spectra that result from 
the elimination of other small stable neutral molecules, for example, Ho, NH3, CO, HCN, 
H2S, alcohols, and alkenes. 


9.17 How to Determine Molecular Formulas and Molecular 
Weights Using Mass Spectrometry 


9.17A Isotopic Peaks and the Molecular lon 


Most of the common elements found in organic compounds have naturally occurring heav- 
ier isotopes. Table 9.4 lists some elements and their isotopes, with the natural abundance 
of each isotope given as the number of isotopic atoms per 100 atoms of the most abundant 


| TABLE 9.4 | = ) Principal Stable Isotopes of Common Elements? 


Most Natural Abundance of Other 
Common Isotopes (Based on 100 Atoms of 
Element Isotope Most Common Isotope) 
Carbon 126 100 19 1.11 
Hydrogen 1H 100 2H 0.016 
Nitrogen 14N 100 15N 0.38 
Oxygen e 100 "o 0.04 TB 0.20 
Fluorine 19F 100 
Silicon 286] 100 296 5.10 305] 3.35 
Phosphorus 31р 100 
Sulfur 325 100 335 0.78 94g 4.40 
Chlorine Бо] 100 е 32.5 
Вготіпе 79Br 100 8!Br 98.0 
lodine 127] 100 


?Reprinted with permission of John Wiley & Sons, Inc. from Silverstein, В. and Webster, Е X., 
Spectrometric Identification of Organic Compounds, Sixth Edition, p. 7. Copyright 1998. 
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isotope. For three of the elements—carbon, hydrogen, and nitrogen—the principal heavier 
isotope is one mass unit greater than the most common isotope. 


@ The presence of isotopes of carbon, hydrogen, and nitrogen in a compound gives 
rise to a small Mt + 1 peak. 


For four of the elements—oxygen, sulfur, chlorine, and bromine—the principal heavier 
isotope is two mass units greater than the most common isotope. 


100 @ The presence of oxygen, sulfur, chlorine, or bromine in a compound gives rise to 
Е : an M* + 2 peak. 
о 80 
E | | M: + 1 Elements: C,H,N 
5 60 + 
< М: + 2 Elements: O, S, Br, CI 
5 40 
2 | | @ The M* + 1 peak can be used to determine the number of carbons in a molecule. 
& 
£ 20 | € The M: + 2 peak can indicate whether bromine or chlorine is present. 

il | , @ The isotopic peaks, in general, give us one method for determining molecular 
10 15 20 formulas. 


т/2 
To understand how we can determine the number of carbons, let us begin by noticing 
mz Relative lon Abundance | that the isotope abundances in Table 9.4 are based on 100 atoms of the normal isotope. Now 


12 2.6 let us suppose, as an example, that we have 100 molecules of methane (СН,). On the aver- 
13 8.6 age there will be 1.11 molecules that contain a 18C atom and 4 X 0.016 molecules that con- 
14 17.1 tain a °H atom. Altogether, then, these heavier isotopes should contribute an М +1 peak 
15 85.6 whose intensity is about 1.17% of the intensity of the peak for the molecular ion: 

16 100.0 


12 ids 1.11 + 4(0.016) = 1.17% 


Figure 9.42 Mass spectrum for This correlates well with the observed intensity of the М: +1 peak in the actual spec- 
methane. trum of methane given in Fig. 9.42. oo 


9.17B How to Determine the Molecular Formula 


For molecules with a modest number of atoms we can determine molecular formulas in the 
following way. If the M* peak is not the base peak, the first thing we do with the mass spec- 
trum of an unknown compound is to recalculate the intensities of the M* + LandM: +2 
peaks to express them as percentages of the intensity of the M* peak. 

Consider, for example, the mass spectrum of an unknown compound given in Fig. 9.43. 
The M* peak at m/z 72 is not the base peak. Therefore, we need to recalculate the inten- 
sities of the peaks in our spectrum at m/z 72, 73, and 74 as percentages of the peak at m/z 72. 
We do this by dividing each intensity by the intensity of the M: peak, which is 7396, and 
multiplying by 100. These results are shown here and in the second column of Fig. 9.43. 


m/z Intensity (96 of М) 
72 73.0/73 х 100 = 100 
73 3.3/73 х 100 = 4.5 
74 0.2/73 х 100 = 0.3 
Не Ipful Hint Then we use the following guides to determine the molecular formula: 


How to determine a molecular 


formula using MS. 1. Is M* odd or even? According to the nitrogen rule, if it is even, then the com- 


pound must contain an even number of nitrogen atoms (zero is an even num- 
+. 

ber). For our unknown, М“ is even. The compound must have an even number of 

nitrogen atoms. 
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Intensity Intensity 
m/z (as percent of base peak)| m/z (as percent of M* ) 
27 59.0 72 M* 100.0 
28 15.0 73 M* « 1 4.5 
29 54.0 74 Mi +2 0.3 
39 23.0 

Recalculated to base 

41 60.0 on M* 
42 12.0 A 
43 79.0 | 
44 100.0 (базе) | 
72 730 мї | 
73 33. ^de 2 
74 0.2 Figure 9.43 Mass spectrum of an unknown 


compound. 


2. The relative abundance of the M* + 1 peak indicates the number of carbon 
atoms. Number of C atoms = relative abundance of (M* + 1)/1.1. For our 
unknown (Fig. 9.43), 


Number of C atoms = = =4 


(This formula works because '?C is the most important contributor to the M* + 1 
peak and the approximate natural abundance of '?C is 1.1%.) 


3. The relative abundance of the М: + 2 peak indicates the presence (or absence) 


of S (4.4%), CI (33%), or Br (98%) (see Table 9.4). For our unknown, M* + 2 = 0.396; 
thus, we can assume that S, Cl, and Br are absent. 

4. The molecular formula can now be established by determining the number of hydro- 
gen atoms and adding the appropriate number of oxygen atoms, if necessary. 


For our unknown the M* peak at m/z 72 gives us the molecular weight. It also tells us 
(since it is even) that nitrogen is absent because a compound with four carbons (as estab- 
lished above) and two nitrogens (to get an even molecular weight) would have a molecu- 
lar weight (76) greater than that of our compound. 

For a molecule composed of C and H only, 

H = 72 — (4 X 12) = 24 
but C4H»4 is impossible. 

For a molecule composed of C, H, and one O, 

Н = 72 – (4 Хх 12) – 16 = 8 


and thus our unknown has the molecular formula C4HgO. 


Determine the molecular formula for a compound that gives the following mass spectral data: Review Problem 9.19 
Intensity 
m/z (as 96 of base peak) 
86 M* 10.00 
87 0.56 


88 0.04 
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Solved Problem 9.8 


(a) What approximate intensities would you expect for the М and M: + 2 peaks of CH3Cl? 

(b) For ће MË and М + 2 peaks of CH3Br? 

(c) An organic compound gives an M* peak at m/z 122 and a peak of nearly equal intensity at m/z 124. What is a 
likely molecular formula for the compound? 

STRATEGY AND ANSWER 


(a) The MË + 2 peak due to CH4— "CI (at m/z 52) should be almost one-third (32.5%) as large as ће М“ peak 
at m/z 50 because of the relative natural abundances of ЗСІ and ?"CI. 

(b) The peaks due to СНз — Вг and CH3—®"Br (at m/z 94 and m/z 96, respectively) should be of nearly equal 
intensity due to the relative natural abundances of "Вг and ®'Br. 


(c) That the М“ and М“ + 2 peaks are of nearly equal intensity tells us that the compound contains bromine. C4H7Br 
is therefore a likely molecular formula. 


C3 = 36 C3 = 36 
H7 = 7 Hz = 
79Br = 79 81вг = 81 
mlz = 122 míz — 124 
Review Problem 9.20 Use the mass spectral data below to calculate the M* + 1 and M* + 2 ratios with respect 


to the molecular ion (M*). Then determine the molecular formula for the compound by con- 
sulting Table 9.5. 


Intensity Intensity 
m/z (as 96 of base peak) m/z (as 96 of base peak) 
14 8.0 43 10.7 
15 38.6 44 100.0 (base) 
18 16.3 73 86.1 M* 
28 39.7 74 32M* + 1 
29 23.4 75 0.2M* + 2 
42 46.6 


TABLE 9.5 Relative Intensities of M^ + 1 and M* + 2 Peaks for Various Combinations of C, H, N, and O 
for Masses 72 and 73 


Percentage of Percentage of 


M* Intensity M" Intensity 
M* Formula Mt +1 M + 2 M* Formula M* +11 Mt + 2 
72 CH2N30 2.30 0.22 73 CHN2O> 1.94 0.41 
СНМ 2.67 0.03 CH3N30 2.31 0.22 
СМО; 2.65 0.42 CHsNa 2.69 0.03 
CaH4N20 3.03 0.23 C2HO5 2.30 0.62 
C2H6N3 3.40 0.04 CHNO% 2.67 0.42 
C3H402 3.38 0.44 CoH5N;O 3.04 0.23 
C3HgNO 3.76 0.25 CoH7N3 3.42 0.04 
Сана 4.13 0.07 C3H;O> 3.40 0.44 
C,HgO 4.49 0.28 C3H7NO 3.77 0.25 
C4H40N 4.86 0.09 СаНоМ; 4.15 0.07 
C5H42 5.60 0.13 СНО 4.51 0.28 
C4H41N 4.88 0.10 


Сен 6.50 0.18 
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What are the expected ratios of the М“, M* + 2, and М“ + 4 peaks for the following compounds? Review Problem 9.21 
(a) | ” (b) | ^ 
Br CI 

(a) Determine the molecular formula of the compound whose mass spectrum is given in Review Problem 9.22 


the following tabulation: 


Intensity Intensity 
m/z (as 96 of base peak) m/z (as 96 of base peak) 
27 34 65 8 
39 11 78 24 М? 
41 22 79 0.8 M* +1 
43 100 (base) 80 8M: +2 
63 26 


(b)The 'H NMR spectrum of this compound consists only of a large doublet and a small 
septet. What is the structure of the compound? 


As the number of atoms in a molecule increases, molecular weight calculations like this 
become more and more complex and time-consuming. Fortunately, however, these calcu- 
lations can be done readily with computers, and tables are now available that give relative 
values for the M* + 1 and М“ + 2 peaks for all combinations of common elements with 
molecular formulas up to mass 500. Part of the data obtained from one of these tables is 
given in Table 9.5. Use Table 9.5 to check the results of our example (Fig. 9.43). m 


9.17C High-Resolution Mass Spectrometry 


All of the spectra that we have described so far have been determined on what are called 
“low-resolution” mass spectrometers. These spectrometers, as we noted earlier, measure 
m/z values to the nearest whole-number mass unit. Many laboratories are equipped with 
this type of mass spectrometer. 

Some laboratories, however, are equipped with the more expensive "high-resolution" 
mass spectrometers. These spectrometers can measure m/z values to three or four decimal 
places and thus provide an extremely accurate method for determining molecular weights. 
And because molecular weights can be measured so accurately, these spectrometers also 
allow us to determine molecular formulas. 

The determination of a molecular formula by an accurate measurement of a molecular 
weight is possible because the actual masses of atomic particles (nuclides) are not inte- 
gers (see Table 9.6). Consider, as examples, the three molecules О», NoH4, and CH4OH. 


Exact Masses of Nuclides 


TABLE 9.6 


Isotope Mass Isotope Mass 
1H 1.00783 19E 18.9984 
?H 2.01410 32g 31.9721 
o 12.00000 (std) 335 32.9715 
196 13.00336 94g 33.9679 
14 35 

N 14.0031 CI 34.9689 
15N 15.0001 "а! 36.9659 
160 15.9949 Br 78.9183 
170 16.9991 8!pr 80.9163 
180 17.9992 127 126.9045 
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The actual atomic masses of the molecules are all different (though nominally they all have 
atomic mass of 32): 


О; = 2(15.9949) = 31.9898 
NoH4 = 2(14.0031) + 4(1.00783) = 32.0375 
CH40 = 12.00000 + 4(1.00783) + 15.9949 = 32.0262 


High-resolution mass spectrometers are available that are capable of measuring mass with 
an accuracy of | part in 40,000 or better. Thus, such a spectrometer can easily distinguish 
among these three molecules and, in effect, tell us the molecular formula. 

The ability of high-resolution instruments to measure exact masses has been put to great 
use in the analysis of biomolecules such as proteins and nucleic acids. For example, one 
method that has been used to determine the amino acid sequence in oligopeptides is to mea- 
sure the exact mass of fragments derived from an original oligopeptide, where the mixture 
of fragments includes oligopeptides differing in length by one amino acid residue. The exact 
mass difference between each fragment uniquely indicates the amino acid residue that occu- 
pies that position in the intact oligopeptide (see Section 24.5E). Another application of exact 
mass determinations is the identification of peptides in mixtures by comparison of mass 
spectral data with a database of exact masses for known peptides. This technique has become 
increasingly important in the field of proteomics (Section 24.14). 


9.18 Mass Spectrometer Instrument Designs 


Helpful Hint 


A classic and highly useful 
reference on MS, NMR, and IR 
methods is Silverstein, R. M.; and 
Webster, F. X. Spectrometric 
Identification of Organic 
Compounds, 6th ed.; Wiley: 
New York, 1998. 


There are two principal components of mass spectrometers: the ionization chamber, where 
ionization of the sample occurs, and the mass analyzer, where ion sorting and detection occur. 
Mass spectrometer instruments vary in design with regard to both of these components. Thus 
far we have mentioned only one ionization technique, electron impact (EI). In Section 9.18A 
we discuss EI ionization in more detail, as well as discuss two other important ionization meth- 
ods: electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI). 

A variety of mass analyzer designs are in use as well, including magnetic focusing, quadru- 
pole, ion trap, and time-of-flight (TOF). In Section 9.18B we explain the classical method for 
ion sorting (magnetic focusing), and briefly mention the other methods. The student is referred 
to textbooks of spectroscopy and instrumental analysis for further information. 


9.18A lonization Techniques: Electron Impact, 
Electrospray, and MALDI 


Electron Impact lonization Electron impact ionization can be described as a “‘brute- 
force” method because it involves striking an organic molecule with 70 eV electrons, a tech- 
nique akin to firing a howitzer at a house made of matchsticks. It is no wonder that 
significant fragmentation takes place. Figure 9.44 shows a schematic diagram of a mass 
spectrometer that employs electron impact ionization. Ionization occurs in the ionizing 
chamber as gas-phase analyte molecules are struck by the electron beam. Positive ions 
formed from the analyte are accelerated and focused into the mass analyzer by passage 
through slits in negatively charged plates. 

Electron impact ionization requires molecules of the analyte to be sufficiently volatile 
that they can be transferred to the gas phase in the high vacuum conditions of the ionizing 
chamber. This requirement for volatility essentially limits EI mass spectrometry to mole- 
cules that have formula weights of less than 1000 daltons (atomic mass units) and to mol- 
ecules that are not very polar. While EI mass spectrometry is suitable for most of the types 
of organic molecules we shall study, it is not generally suitable for biomolecules that have 
high molecular weights, high polarity, or both. Fortunately, very effective methods have been 
developed for ionization of biomolecules and other molecules not suited to EI mass spec- 
trometry. Among these techniques are electrospray ionization (ESI), ion spray, matrix- 
assisted laser desorption ionization (MALDI), and fast atom bombardment (FAB). 


9.18 Mass Spectrometer Instrument Designs 


Sample molecules enter here. 
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Figure 9.44 Mass spectrometer. Schematic diagram of CEG model 21-103. The magnetic field 
that brings ions of varying mass-to-charge ratios (m/z) into register is perpendicular to the page. 
(Reprinted with permission of John Wiley & Sons, Inc. from Holum, J. R., Organic Chemistry: A Brief 
Course, Copyright 1975.) 


Electrospray lonization—A Technique Especially Useful for Biomolecules 
Electrospray ionization works especially well for mass spectrometry of proteins, carbohy- 
drates, and nucleic acids. ESI mass spectrometry has been used to study protein molecular 
weights and sequence, enzyme-substrate complexes, antibody-antigen binding, drug-recep- 
tor interactions, and DNA oligonucleotide sequence, as well as simply for small molecules 
that cannot be ionized by electron impact. 

In electrospray ionization (ESI) a solution of the analyte is sprayed into the vacuum 
chamber of the mass spectrometer from the tip of a high-voltage needle. The extreme elec- 
trical potential imparts charge to the mixture, which on evaporation of the solvent in the 
mass spectrometer affords charged species of the analyte. The analyte may actually acquire 
multiple charges through ESI (1.е., z can have a range of values in the m/z ratio), and hence 
a family of m/z peaks typically results for each analyte. This distribution can be converted 
by the mass spectrometer software to the formula weight of the original analyte. Another 
advantage of ESI MS is that a high-performance liquid chromatograph (HPLC) can be used 
to introduce the sample to the mass spectrometer. Linking chromatographic separation tech- 
niques with molecular spectroscopy, as in tandem HPLC and ESI MS analysis, affords a 
powerful analytical combination. We shall see another example below when we consider 
GC/MS (gas chromatography with mass spectrometry). We shall also have more to say about 
ESI MS when we study proteins in Chapter 24. 


MALDI—A Technique Useful for Both Biomolecules and Synthetic Polymers 
Matrix-assisted laser desorption-ionization (MALDI) works very well for synthetic poly- 
mers, such as polybutadiene and polystyrene, as well as for other classes of molecules that 
do not ionize well by electrospray ionization. MALDI is also useful for biomolecules, and 
hence can complement ESI methods. 

In MALDI mass spectrometry the analyte is mixed with low-molecular-weight organic mol- 
ecules that are known for their ability to absorb and transfer energy from the laser in the mass 


lons in 
register 


Detector 
assembly 


computer 
data 
station 
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spectrometer. After evaporation of the solvent, this mixture is called the sample matrix. The 
matrix is placed in the mass spectrometer under high vacuum and pulsed with laser radiation. 
Molecules of the matrix absorb radiation from the laser and transfer energy to the analyte. Many 
of the analyte molecules acquire a +1 charge through this process and are transferred to the 
vapor phase, after which the ions are drawn into the mass analyzer for separation and detection. 


9.18B Mass Analysis: lon Sorting and Detection 


Once ions of the sample have been formed by one of the methods above, they are sepa- 
rated and detected by the mass analyzer component of the spectrometer. Several common 
ways exist to accomplish mass analysis. We shall first describe the classic method of mag- 
netic focusing, and then briefly mention several other important approaches. 


Magnetic Focusing Classic mass spectrometers accelerate ions formed in the ioniza- 
tion chamber into a curved tube (see Fig. 9.44). This curved tube passes through a variable 
magnetic field that exerts an influence on the moving ions. Depending on the magnetic field 
strength at a given moment, ions with a particular m/z will follow a curved path that exactly 
matches the curvature of the tube. These ions are said to be “in register.’ Because they are in 
register, these ions pass through another slit and impinge on an ion collector where the inten- 
sity of the ion beam is measured electronically. The intensity of the beam is simply a mea- 
sure of the relative abundance of the ions with a particular m/z. Some mass spectrometers are 
so sensitive that they can detect the arrival of a single ion. 

The actual sorting of ions takes place in the magnetic field, and this sorting takes place 
because laws of physics govern the paths followed by charged particles when they move 
through magnetic fields. Generally speaking, a magnetic field such as this will cause ions 
moving through it to move in a path that represents part of a circle. The radius of curva- 
ture of this circular path is related to the m/z of the ions, to the strength of the magnetic 
field (Bo, in tesla), and to the accelerating voltage. If we keep the accelerating voltage con- 
stant and progressively increase the magnetic field, ions whose m/z values are progressively 
larger will travel in a circular path that exactly matches that of the curved tube. Hence, by 
steadily increasing Bo, ions with progressively increasing m/z will be brought into register 
and so will be detected at the ion collector. Since, as we said earlier, the charge on nearly 
all of the ions is unity, this means that ions of progressively increasing mass arrive at the 
collector and are detected. 


Quadrupole, lon Trap, and Time-of-Flight (TOF) Mass Analyzers A variety of 
other methods are used for ion sorting in mass spectrometers, including quadrupole mass 
filtering, ion trapping, and time-of-flight mass analyzers. In a quadrupole mass analyzer, 
ions are filtered by varying the electrical signal in four parallel charged rods. At any given 
instant, only ions of certain mass-to-charge ratio are able to travel through the quadrupole 
region to the detector. Other ions collide with the rods and are neutralized. By varying the 
electrical state of the four rods in pairs, a range of masses can be scanned. Ion trap mass 
analyzers involve a ring electrode charged with a varying radio frequency voltage. Ions enter 
the cavity enclosed by the ring, and those of appropriate mass take up a stable orbit. As the 
voltage state of the ring varies, so does the mass for which a stable orbit is possible. Varying 
the ring voltage allows a range of masses to be scanned by progressively trapping and releas- 
ing them to the detector. In time-of-flight mass analyzers, ions are accelerated into a tube 
that is free of electrical fields. The ions drift toward the detector, and the time it takes to 
traverse the tube is correlated with their respective masses. 


9.19 GC/MS Analysis 


Gas chromatography is often coupled with mass spectrometry in a technique called GC/MS 
analysis. The gas chromatograph separates components of a mixture, while the mass spec- 
trometer then gives structural information about each one (Fig. 9.45). GC/MS can also pro- 
vide quantitative data when standards of known concentration are used with the unknown. 
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line lenses : 
capillary gas chromatograph/mass 
lonization occurs here. spectrometer (GC/MS). 


In GC analysis, a minute amount of a mixture to be analyzed, typically 0.001 mL (1.0 
pL) or less of a dilute solution containing the sample, is injected by syringe into a heated 
port of the gas chromatograph. The sample is vaporized in the injector port and swept by 
a flow of inert gas into a capillary column. The capillary column is a thin tube usually 10—30 
meters long and 0.1—0.5 mm in diameter. It is contained in a chamber (the oven") whose 
temperature can be varied according to the volatility of the samples being analyzed. The 
inside of the capillary column is typically coated with a "stationary phase" of low polarity 
(essentially a high-boiling and very viscous liquid that is often a nonpolar silicon-based 
polymer). As molecules of the mixture are swept by the inert gas through the column, they 
travel at different rates according to their boiling points and the degree of affinity for the 
stationary phase. Materials with higher boiling points or stronger affinity for the stationary 
phase take longer to pass through the column. Low-boiling and nonpolar materials pass 
through very quickly. The length of time each component takes to travel through the col- 
umn is called the retention time. Retention times typically range from 1 to about 30 min- 
utes, depending on the sample and the specific column used. 

As each component of the mixture exits the GC column it travels into a mass spec- 
trometer. Here, molecules of the sample are bombarded by electrons; ions and fragments 
of the molecule are formed, and a mass spectrum results similar to those we have studied 
earlier in this chapter. The important thing, however, is that mass spectra are obtained for 
each component of the original mixture that is separated. This ability of GC/MS to sepa- 
rate mixtures and give information about the structure of each component makes it a vir- 
tually indispensable tool in analytical, forensic, and organic synthesis laboratories. 


9.20 Mass Spectrometry of Biomolecules 


Advances in mass spectrometry have made it a tool of exceptional power for analysis of 
large biomolecules. Electrospray ionization, MALDI, and other “soft ionization" techniques 
for nonvolatile compounds and macromolecules make possible analyses of proteins, nucleic 
acids, and other biologically relevant compounds with molecular weights up to and in excess 
of 100,000 daltons. Electrospray ionization with quadrupole mass analysis is now routine 
for biomolecule analysis as is analysis using MALDI-TOF instruments. Extremely high 
resolution can be achieved using Fourier transform-ion cyclotron resonance (FT ICR, or 
FTMS). We shall discuss ESI and MALDI applications of mass spectrometry to protein 
sequencing and analysis in Sections 24.5E, 24.13B, and 24.14. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are "ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 
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Problems 


( WILEY € . Note to Instructors: Many of the homework problems are available for assignment ма WileyPLUS, an online 
PLUS teaching and learning solution. 


NMR SPECTROSCOPY 


The following are some abbreviations used to report spectroscopic data: 
1H NMR: s = singlet, d = doublet, t = triplet, q = quartet, bs = broad singlet, m = multiplet 
IR absorptions: s = strong, m = moderate, br = broad 


9.22 How тапу 'H NMR signals (not peaks) would you predict for each of the following compounds? (Consider all 
protons that would be chemical shift nonequivalent.) 


(a) „~ (b) e. (c) O 
(d) СС (е) | Br (£) 
(g) (h) OH (i) 

Sus 22 


9.24 How тапу 1С NMR signals would you predict for the compounds shown in Problem 9.23? 


9.25 Propose a structure for an alcohol with molecular formula C5H42O that has the 'H NMR spectrum given in Fig. 9.46. 
Assign the chemical shifts and splitting patterns to specific aspects of the structure you propose. 


C5H0 


6H 
1H 2H 3H 
И JL jl | 
= | ПЕЕ 1 " ја — 3 1 | i | 
2 1 0 
бн (ppm) 


Figure 9.46 The 1H NMR spectrum (simulated) of alcohol C5HgO, Problem 9.25. 
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9.26 Propose structures for the compounds G and Н whose 'H NMR spectra are shown in Figs. 9.47 and 9.48. 


бн (ppm) 


Figure 9.47 The 300-MHz 'H NMR spectrum of compound G, Problem 9.26. Expansions of the 
signals are shown in the offset plots. 


H, СзНВгь 


TMS 


ӧн (ppm) 


Figure 9.48 The 300-MHz 'H NMR spectrum of compound H, Problem 9.26. Expansions of the 
signals are shown in the offset plots. 


9.27 Assume that in a certain !H NMR spectrum you find two peaks of roughly equal intensity. You are not certain 
whether these two peaks are singlets arising from uncoupled protons at different chemical shifts or are two peaks 
of a doublet that arises from protons coupling with a single adjacent proton. What simple experiment would you 
perform to distinguish between these two possibilities? 


9.28 Propose structures for compounds O and P that are consistent with the following information. 


C4 H, me, Ct Hs; 
(0) P 
13C NMR ô (ppm) DEPT 
f 
or Compound O 26.0 CH; 


124.5 CH 


446 Chapter 9 Nuclear Magnetic Resonance and Mass Spectrometry 


9.29 Compound Q has the molecular formula C7Hg. The broad-band proton decoupled 1С spectrum of Q has signals 
at 6 50 (CH), 85 (СН2), and 144 (CH). On catalytic hydrogenation Q is converted to К (C7H42). Propose structures 
for Q and R. 


9.30 Explain in detail how you would distinguish between the following sets of compounds using the indicated method 
of spectroscopy. 


(a) 'H NMR (b) '3С and 'H NMR 


iu xs on or 


(c) '3С NMR 
CH 
СНз | 
Ou. O9 A 
CH 
3 Нас 


9.31 Compound S (СН) reacts with one mole of bromine to form a compound with molecular formula CgH46Br2. 
The broadband proton-decoupled !?C spectrum of S is given in Fig. 9.49. Propose a structure for S. 


СНз 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ррт) 


Figure 9.49 Тһе broadband proton-decoupled ‘SC NMR spectrum of compound S, Problem 9.31. 
Information from the DEPT ЗС NMR spectra is given above each peak. 


MASS SPECTROMETRY 


9.32 A compound with molecular formula C4HgO has a strong IR absorption at 1730 cm !, Its mass spectrum is tabu- 
lated in Fig. 9.43, and includes key peaks at m/z 44 (the base peak) and m/z 29. Propose a structure for the com- 
pound and write fragmentation equations showing how peaks having these m/z values arise. 


9.33 In the mass spectrum of 2,6-dimethyl-4-heptanol there are prominent peaks OH 


at m/z 87, 111, and 126. Propose reasonable structures for these fragment ions. ТА 


9.34 . In the mass spectrum of 4-methyl-2-pentanone а McLafferty rearrangement and two other 


О 
major fragmentation pathways occur. Propose reasonable structures for these fragment ions ДК 
and specify the m/z value for each. 


9.35 


9.36 


9.37 


9.38 


9.39 
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What are the masses and structures of the ions produced in the following cleavage pathways? 
(a) a-cleavage of 2-methyl-3-hexanone (two pathways) 

(b) dehydration of cyclopentanol 

(c) McLafferty rearrangement of 4-methyl-2-octanone (two pathways) 


Predict the masses and relative intensities of the peaks in the molecular ion region for the following compound. 
Br 


CI 


Ethyl bromide and methoxybenzene (shown below) have the same nominal molecular weights, displaying a sig- 
nificant peak at m/z 108. Regarding their molecular ions, what other features would allow the two compounds to 
be distinguished on the basis of their mass spectra? 


OCH3 
~ Br СТ 


The homologous series of primary amines, СНа(СН2)„МН>, from CH3NH» to CH3(CHs)13NHp all have their base 
(largest) peak at m/z 30. What ion does this peak represent, and how is it formed? 


INTEGRATED STRUCTURE ELUCIDATION 


Propose a structure that is consistent with each set of 'H NMR data. IR data is provided for some compounds. 


(a) C4H490 6 (ppm) Splitting Integration 
1.28 S 9H 
1.35 S 1H 
(b) C3H7Br 8 (ppm) Splitting Integration 
1.71 d 6H 
4.32 Septet 1H 
(c) C4HgO ô (ppm) Splitting Integration IR 
1.05 t 3H 1720 ст! (strong) 
2.13 S 3H 
2.47 q 2H 
(d) C7HgO 6 (ppm) Splitting Integration IR 
2.43 8 1H 3200-3550 ст! (broad) 
4.58 S 2H 
7.28 m 5H 
(e) C4HgCI 8 (ppm) Splitting Integration 
1.04 d 6H 
1.95 m 1H 
3.35 d 2H 
(f) C45H440 6 (ppm) Splitting Integration IR 
2.20 s 3H 1720 ст“ ! (strong) 
5.08 5 1H 


7.25 m 10H 
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(g) C4H;BrO» 6 (ppm) Splitting Integration IR 
1.08 t 3H 2500-3500 ст“ ! (broad) 
2.07 m 2H 1715 cm! (strong) 
4.23 t 1H 
10.97 5 1H 
(h) CgHio 6 (ppm) Splitting Integration 
1.25 t 3H 
2.68 q 2H 
7.23 m 5H 
(i) C4H803 ô (ppm) Splitting Integration IR 
1.27 t 3H 2500-3550 ст“ ! (broad) 
3.66 q 2H 1715 cm! (strong) 
4.13 5 2H 
10.95 5 1H 
д) СаНуМО2 6 (ppm) Splitting Integration 
1.55 d 6H 
4.67 Septet 1H 
(k) САН, 90> 6 (ppm) Splitting Integration 
3.25 5 6H 
3.45 5 4H 
(D) C5H490 6 (ppm) Splitting Integration IR 
1.10 d 6H 1720 ст“ ! (strong) 
2.10 5 3H 
2.50 Septet 1H 
(m) CgHgBr 6 (ppm) Splitting Integration 
2.0 d 3H 
5.15 q 1H 
7.35 m 5H 


9.40 Propose structures for compounds E апа F. Compound E (CgHg) reacts with 2 molar equivalents of bromine to 
form Е (СаНбВи,). E has the IR spectrum shown in Fig. 9.50. What are the structures of E and Е? 


100 
90 4 


Figure 9.50 The IR spectrum of 

compound E, Problem 9.40. 

50 4 (Spectrum courtesy of Sadtler 
Research Laboratories, Inc., 

40 - Philadelphia. O BioRad 

30 4 Laboratories, Inc., Information 

Division, Sadtler Software & 

Databases. All rights reserved. 

104 Permission for the publication 

herein of Sadtler Spectra has 

0 been granted by BioRad 
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9.41 


9.42 


9.43 


9.44 
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Regarding compound J, C2HxCly, use the 'H NMR and IR data below to propose a stereochemical formula that is 
consistent with the data. 


1H NMR 6 (ppm) Splitting Integration 
6.3 5 = 


IR 3125cm ! 
1625 cm! 

1280 cm! 

820cm ! 

695 cm! 


When dissolved in CDCl}, a compound (К) with the molecular formula C4HgO? gives a 'H NMR spectrum that 
consists of a doublet at 6 1.35, a singlet at 6 2.15, a broad singlet at 6 3.75 (1H), and a quartet at 6 4.25 (1H). When 


dissolved in 020, the compound gives a similar 'H NMR spectrum, with the exception that the signal at 8 3.75 has 


disappeared. The IR spectrum of the compound shows a strong absorption peak near 1720 em !, 


(a) Propose a structure for compound K. 


(b) Explain why the NMR signal at 6 3.75 disappears when 020 is used as the solvent. 


Compound T (C5HgO) has а strong IR absorption band at 1745 ст“ !. The broad-band proton decoupled 13C spec- 
trum of T shows three signals: at 6 220 (C), 23 (CH2), and 38 (СН). Propose a structure for T. 


Deduce the structure of the compound that gives the following 'H, !?C, and IR spectra (Figs. 9.51-9.53). Assign 
all aspects of ће 'H, and 1С spectra to the structure you propose. Use letters to correlate protons with signals in 
the 'H NMR spectrum, and numbers to correlate carbons with signals in the '3С spectrum. The mass spectrum of 
this compound shows the molecular ion at m/z 96. 


3H 


2H 


2H 


ӧн (ppm) 
Figure 9.51 The 1H NMR spectrum (simulated) for Problem 9.44. 
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C сн! |c сн, | сн, CH3 


220 200 180 160 140 120 100 80 60 40 20 
ӧс (ppm) 


Figure 9.52 A simulated broadband proton-decoupled 13C NMR spectrum for Problem 9.44. 
Information from the DEPT '?C spectra is given above each peak. 
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Figure 9.53 The IR spectrum for Problem 9.44. Spectra adapted from Sigma-Aldrich Co. 
© Sigma-Aldrich Co. 
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Deduce the structure of the compound that gives the following 'H, !?C, and IR spectra (Figs. 9.54-9.56). Assign 
all aspects of the H and 1С spectra to the structure you propose. Use letters to correlate protons with the signals 
in ће Н NMR spectrum, and numbers to correlate carbons with the signals in the ЗС spectrum. The mass spec- 
trum of this compound shows the molecular ion at m/z 148. 


6H 


2H 2H 


10 8 6 4 2 0 
ӧн (ppm) 
Figure 9.54 The 300-MHz 1H NMR spectrum (simulated) for Problem 9.45. 


200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 


Figure 9.55 A simulated broadband proton-decoupled 13C NMR spectrum for Problem 9.45. 
Information from the DEPT "С spectra is given above each peak. 
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Figure 9.56 The IR spectrum for Problem 9.45. SDBSWeb : http://riodb01.ibase.aist.go.jp/sdbs/ 
(National Institute of Advanced Industrial Science and Technology, September 24, 2009). 


9.46 Deduce the structure of the compound that gives the following 'H, 13C, and IR spectra (Figs. 9.57-9.59). Assign 
all aspects of the 'H and '?C spectra to the structure you propose. Use letters to correlate protons with signals in 
the 'H NMR spectrum, and numbers to correlate carbons with signals in the 1С spectrum. The mass spectrum of 
this compound shows the molecular ion at m/z 204. 


ӧн (ppm) 
Figure 9.57 The 300-MHz 1H NMR spectrum (simulated) for Problem 9.46. 
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200 180 160 140 120 100 80 60 40 20 0 
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Figure 9.58 А simulated broadband proton-decoupled !?C NMR spectrum for Problem 9.46. 
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Figure 9.59 The IR spectrum for Problem 9.46. SDBSWeb: http://riodb01.ibase.aist.go.jp/sdbs/ 
(National Institute of Advanced Industrial Science and Technology, September 24, 2009). 
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9.47 Deduce the structure of the compound (C5H 903) that gives the following 'H, 13C, and IR spectra (Figs. 9.60-9.62), 
Assign all aspects of the 'H and 13C spectra to the structure you propose. Use letters to correlate protons with sig- 
nals in the 'H NMR spectrum, and numbers to correlate carbons with signals in the 'SC spectrum. 


3H 
3H 
2H 
ан 2H 
|] 
7 6 5 4 3 2 1 0 
ӧн (ppm) 


Figure 9.60 The 300-MHz 1H NMR spectrum (simulated) for Problem 9.47. 


180 160 140 120 100 80 60 40 20 0 


ӧс (ppm) 
Figure 9.61 А simulated broadband proton-decoupled 13C NMR spectrum for Problem 9.47. 
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Figure 9.62 Тһе IR spectrum for Problem 9.47. SDBSWeb: http://riodb01.ibase.aist.go.jp/sdbs/ 
(National Institute of Advanced Industrial Science and Technology, September 24, 2009). 


Challenge Problems 


9.48 Тһе 'H NMR examination of a solution of 1,3-dimethylcyclopentadiene in concentrated sulfuric acid shows three 
peaks with relative areas of 6:4:1. What is the explanation for the appearance of the spectrum? 


9.49 Acetic acid has a mass spectrum showing a molecular ion peak at m/z 60. Other unbranched monocarboxylic acids 
with four or more carbon atoms also have a peak, frequently prominent, at m/z 60. Show how this can occur. 


9.50 The 'H NMR peak for the hydroxyl proton of alcohols can be found anywhere from 6 0.5 to 8 5.4. Explain this 
variability. 


9.51 The 'H NMR study of DMF (N,N-dimethylformamide) results in different spectra according to the temperature of the 
sample. At room temperature, two signals are observed for the protons of the two methyl groups. On the other hand, 
at elevated temperatures (>130°C) a singlet is observed that integrates for six hydrogens. Explain these differences. 


9.52 The mass spectra of many benzene derivatives show а peak at m/z 51. What could account for this fragment? 


9.53 Consider the following information. 


Jab = 5.3 Hz 
Jag = 8.2 Hz 
Је = 10.7 Hz 


(а) How many total 'H NMR signals would you expect for ће above molecule? 


(b) Ha appears as a doublet of doublets (dd) at 1.32 ppm in the 'H NMR spectrum. Draw a labeled splitting tree 
diagram for Ha using the coupling constant values given above. 
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Learning Group Problems 


1. 


Given the following information, elucidate the structures of compounds A and B. Both compounds are soluble in 

dilute aqueous HCI, and both have the same molecular formula. The mass spectrum of A has M* 149 (intensity 

37.1% of base peak) and M* + 1 150 (intensity 4.2% of base peak). Other spectroscopic data for A and B are given 

below. Justify the structures you propose by assigning specific aspects of the data to the structures. Make sketches 

of the NMR spectra. 

(a) The IR spectrum for compound A shows two bands in the 3300-3500-cm™! region. The broadband proton- 
decoupled '?C NMR spectrum displayed the following signals (information from the DEPT !?C spectra is given 
in parentheses with the 1С chemical shifts): 


13C NMR: 6 140 (C), 127 (C), 125 (CH), 118 (CH), 24 (CH2), 13 (СНз) 


(b) The IR spectrum for compound B shows no bands in the 3300—3500-cm ^! region. The broadband proton- 
decoupled !?C NMR spectrum displayed the following signals (information from the DEPT !?C spectra is 
given in parentheses with the 1С chemical shifts): 


13C NMR: 8 147 (C), 129 (CH), 115 (CH), 111 (CH), 44 (CH5), 13 (СНз) 
Two compounds with the molecular formula C5H49O have the following 'H and 'SC NMR data. Both compounds 


have a strong IR absorption band in the 1710—1740-cm ^! region. Elucidate the structure of these two compounds 
and interpret the spectra. Make a sketch of each NMR spectrum. 


(а) ІН NMR: ô 2.55 (septet, 1H), 2.10 (singlet, 3H), 1.05 (doublet, 6H) 
130 NMR: 8 212.6, 41.5, 27.2, 17.8 

(b) !H NMR: 6 2.38 (triplet, 2H), 2.10 (singlet, ЗН), 1.57 (sextet, 2H), 0.88 (triplet, ЗН) 
130 NMR: 6 209.0, 45.5, 29.5, 17.0, 13.2 
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Unpaired electrons lead to many burning questions about radical types of reactivity. In fact, species with unpaired 


electrons are called radicals, and they are involved in the chemistry of burning, aging, disease, as well as in 
reactions related to destruction of the ozone layer and the synthesis of products that enhance our everyday 
lives. For example, polyethylene, which can have a molecular weight from the thousands to the millions, and 
practical uses ranging from plastic films and wraps to water bottles, bulletproof vests, and hip and knee replace- 
ments, is made by a reaction involving radicals. Oxygen that we breathe and nitric oxide that serves as a chem- 
ical signaling agent for some fundamental biological processes are both molecules with unpaired electrons. 
Highly colored natural compounds like those found in blueberries and carrots react with radicals and may pro- 
tect us from undesirable biological radical reactions. Large portions of the economy hinge on radicals, as well, 
from reactions used to make polymers like polyethylene, to the target action of pharmaceuticals like Cialis, 
Levitra, and Viagra, which act on a nitric oxide biological signaling pathway. 

Reactions with radicals also play a role in organic synthesis. In this chapter we study the properties and reactivity 
of species with unpaired electrons, and we shall find that they are radically important to chemistry and life. 
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Chapter 10 Radical Reactions 


10.1 Introduction: How Radicals Form and How They React 


Helpful Hint 


oN 
A single-barbed curved arrow 
shows movement of one electron. 


So far almost all of the reactions whose mechanisms we have studied have been ionic reac- 
tions. Ionic reactions are those in which covalent bonds break heterolytically and in which 
ions are involved as reactants, intermediates, or products. 

Another broad category of reactions has mechanisms that involve homolysis of cova- 
lent bonds with the production of intermediates possessing unpaired electrons called rad- 
icals (or free radicals): 


Each atom takes 
one electron from 
the covalent bond 
that joined them. 


nN : 
A:B homolysis А. + .В 
Radicals 


This simple example illustrates the way we use single-barbed curved arrows to show 
the movement of a single electron (not of an electron pair as we have done earlier). In this 
instance, each group, A and B, comes away with one of the electrons of the covalent bond 
that joined them. 


10.1A Production of Radicals 


ө Energy in the form of heat or light must be supplied to cause homolysis of cova- 
lent bonds (Section 10.2). 


For example, compounds with an oxygen-oxygen single bond, called peroxides, undergo 
homolysis readily when heated, because the oxygen—oxygen bond is weak. The products 
are two radicals, called alkoxyl radicals: 


N 3 
a heat Е Homolysis of a 
R 9:9 R а 2R О ' dialkyl peroxide. 


Dialkyl peroxide Alkoxyl radicals 


Halogen molecules (X2) also contain a relatively weak bond. As we shall soon see, halo- 
gens undergo homolysis readily when heated or when irradiated with light of a wavelength 
that can be absorbed by the halogen molecule: 


f ; Е 
VE homolysis F Homolysis of a 
:X: X: ===> 7X. 
x X heat 2 X halogen molecule. 
or light (hv) 


The products of this homolysis are halogen atoms, and because halogen atoms contain 
an unpaired electron, they are radicals. 


10.1B Reactions of Radicals 
€ Almost all small radicals are short-lived, highly reactive species. 


When radicals collide with other molecules, they tend to react in a way that leads to pair- 
ing of their unpaired electron. One way they can do this is by abstracting an atom from 
another molecule. For example, a halogen atom may abstract a hydrogen atom from an 
alkane. This hydrogen abstraction gives the halogen atom an electron (from the hydro- 
gen atom) to pair with its unpaired electron. Notice, however, that the other product of this 
abstraction is another radical intermediate, in this case, an alkyl radical, R-, which goes 
on to react further, as we shall see in this chapter. 


| 
| E 
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A MECHANISM FOR THE REACTION 


Hydrogen Atom Abstraction 


General Reaction 
2X4 МЕ — Pts In| ar [nb 
Reactive Alkane Alkyl radical 
radical intermediate 
intermediate (reacts further) 
Specific Example ^ 
C£ HECH, —9 :СЕН + СН. 
Chlorine Methane Methyl radical 
atom intermediate 
(a radical) (reacts further) 


This behavior is characteristic of radical reactions. Consider another example, one that 
shows another way in which radicals can react: They can combine with a compound con- 
taining a multiple bond to produce a new radical, which goes on to react further. (We shall 
study reactions of this type in Section 10.10.) 


A MECHANISM FOR THE REACTION 


Radical Addition to a 7 Bond 


R 
4. XY _. dd 


—C—C  —— Further reaction 


ys Js (Section 10.10) 
Reactive Alkene New radical 
alkyl radical intermediate 


intermediate 


10.2 Homolytic Bond Dissociation Energies (DH?) 


When atoms combine to form molecules, energy is released as covalent bonds form. The mol- 
ecules of the products have lower enthalpy than the separate atoms. When hydrogen atoms 
combine to form hydrogen molecules, for example, the reaction is exothermic; it evolves 436 
kJ of heat for every mole of hydrogen that is produced. Similarly, when chlorine atoms com- 
bine to form chlorine molecules, the reaction evolves 243 kJ то!“ ! of chlorine produced: 


Bond formation is 


Н: + Н — H—H AH? = —436 kJ mol-1 
an exothermic process. 


Cl: + Cl — CI—CI AH? = — 243 kJ тој“! 


Reactions in which only bond breaking occurs are always endothermic. The energy 
required to break the covalent bonds of hydrogen or chlorine homolytically is exactly equal 
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to that evolved when the separate atoms combine to form molecules. In the bond cleavage 
reaction, however, AH? is positive: 


HSE or coh unice ns Bebes de mer || Bond breaking is an 


endothermic process. 


С=с — С: + Ck AH? = + 243 kJ mol! 


€ Energy must be supplied to break covalent bonds. 


@ The energies required to break covalent bonds homolytically are called homolytic 
bond dissociation energies, and they are usually abbreviated by the symbol DH”. 


The homolytic bond dissociation energies of hydrogen and chlorine, for example, can be 
written in the following way: 
H—H CI—CI 
(DH? = 436 kJ mol) (DH? = 243 kJ mol!) 
The homolytic bond dissociation energies of a variety of covalent bonds have been deter- 


mined experimentally or calculated from related data. Some of these DH? values are listed 
in Table 10.1. 


TABLE 10.1 | 15 ) Single-Bond Homolytic Dissociation Energies (DH?) at 25°С? 


А:В — A: + В. 


Вопа 
Broken 
(shown in red) 


H—H 

D—D 

F—F 

CI—CI 

Br— Br 

1—1 

H—F 

H—CI 
H—Br 

H=] 
CH3—H 
CH3—F 
CH3—Cl 
CH3—Br 
CH3— 1 
CH3 — OH 
СНз = OCH3 
CH3CH2 — H 
CH3CH2—F 
CH3CH5—CI 
CH3CH5— Br 
CH3CH5—I 
CH3CH5— OH 


Bond Bond 
kJ Broken kJ Broken kJ 
mol^' (shown in red) mol^' (shown in red) mol! 
436 CH3;CH,—OCH3 352 CH5—CHCH; —H 369 
443 CH3CH;CH; —H 423 CH5—CH—H 465 
159 CH3CH3CH5 —F 444 CgHs—H 474 
243 CH3CH5CH;— CI 354 HC=C—H 547 
193 CH3CH3CH; — Br 294 CH3— CH3 378 
151 CH3CH2CH2—| 239 CH3CH;— CH3 371 
570 CH3CH5CH;— OH 395 CH3CH5CH; — CH3 374 
432 CH3CH5CH; — OCHS3 355 CH3CH;— CH?CHs 343 
366 (CH3)2CH —H 413 (CH3);CH — CH3 371 
298 (CH3)>CH—F 439 (CH3)3C —CH3 363 
440 (CH3)2CH — CI 355 HO—H 499 
461 (CH3)2CH — Br 298 HOO—H 356 
352 (CH39CH—I 222 HO—OH 214 
293 (CH3)>CH—OH 402 (СНз) СО —ОС(СНз)з 157 
240 (CH3)2CH — OCHS3 359 О О 
387 (CH39CHCH; —H 422 | | 
348 (CH3sC —H 400 C,HsCO—OCC,Hs 139 
421 (CH3)3C— CI 349 CH3CH20—OCH3 184 
444 (CH3)3C — Br 292 CH3CH20—H 431 
353 (CH3)3C—I 227 i 
295 (CH3)3C — OH 400 
233 (CH3)3C— оен 348 CH;C—H 304 
393 C&H&CH5—H 375 


*Data compiled from the National Institute of Standards (NIST) Standard Reference Database Number 69, July 2001 Release, accessed 
via NIST Chemistry WebBook (http://webbook.nist.gov/chemistry/). Copyright 2000. From CRC Handbook of Chemistry and Physics, 
Updated 3rd Electronic Edition; Lide, David R., ed. Reproduced by permission of Routledge/Taylor & Francis Group, LLC. DH? values 


were obtained directly or calculated from heat of formation (Hj) data using the equation DH'[A—B] = Hr[A-] + Hr[B-] – Hr[A— B]. 


10.24 How to Use Homolytic Bond Dissociation Energies to 
Calculate Heats of Reaction 


Bond dissociation energies have, as we shall see, a variety of uses. They can be used, for 
example, to calculate the enthalpy change (AH?) for a reaction. To make such a calcula- 
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10.2 Homolytic Bond Dissociation Energies (DH?) 


tion (see following reaction), we must remember that for bond breaking AH? is positive 
and for bond formation AT? is negative. 
AH? = —(net DH broducts) + (net DH'reactants) 


Negative sign because energy is released 
in bond formation 


> is the mathematical ) 
symbol for summation 


or AH? =5 DH products + > DHteactants ( 


Let us consider, for example, the reaction of hydrogen and chlorine to produce 2 mol of 
hydrogen chloride. From Table 10.1 we get the following values of DH?: 


H—H + CI— CI = 2 H—CI 
(DH? = 436 kJ mol?) — (DH? = 243 kJ mol!) (DH? = 432 kJ mol!) x 2 
+679 kJ is required to cleave — 864 kJ is evolved in 
1 mol of Hə bonds and formation of the bonds in 
1 mol of Clo bonds. 2 mol of HCI. 


Overall, the reaction of 1 mol of H2 and 1 mol of Cle to form 2 mol of HCI is exothermic: 


Two moles 
du product formed 
AH? = =2 (432 kJ mol!) + (436 kJ тог ! + 243 kJ mol!) 
Bond forming Bond breaking 
(exothermic; negative sign) (endothermic; positive sign) 


= —864 kJ тој“! + 679 kJ mol”! 
= —185 kJ mol ! Overall AH? for 2 mol НСІ produced from Н; + Cl; 


For the purpose of our calculation, we have assumed a particular pathway, which amounts to 


Н—Н — 2H. 
and CI—CI — 2 СІ. 
then 2H. -2CUl > 2 H—CI 


This is not the way the reaction actually occurs. Nevertheless, the heat of reaction, ДАН“, is 
a thermodynamic quantity that is dependent only on the initial and final states of the react- 
ing molecules. Here, AH? is independent of the path followed (Hess's law), and, for this 
reason, our calculation is valid. 


Calculate the heat of reaction, ДНУ, for the following reactions: Review Problem 10.1 
(a) Ha + Fo — 2 HF (f) CHgCH3 + Cl; —> CH3CH;CI + HCI 

(b) CH, + Fa —> CHF + HF Ox dp + на! 

(c) CH4 + Cla — CHCI + HCI 

(d) CH, + Br; — CHsBr + HBr cl 

(e) CH, + lo —> СНа! + HI (h) Д. + Сі —> с! + HCl 


10.2B How to Use Homolytic Bond Dissociation Energies to 
Determine the Relative Stabilities of Radicals 


Homolytic bond dissociation energies also provide us with a conve- “МУН bs 

nient way to estimate the relative stabilities of radicals. If we examine H 

the data given in Table 10.1, we find the following values of DH? for 

the primary and secondary C—H bonds of propane: (DH? = 423 kJ тог") (DH? = 413 kJ тог") 
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This means that for the reaction in which the designated C—H bonds are broken homolyt- 
ically, the values of AH? are those given here. 


МАн — N + A = 23K) mol! 
Propyl radical 
(a 1° radical) 

— RN i + H: 


H Isopropyl radical 
(a 2° radical) 


> 
= 
| 


= +413 kJ mol"! 


These reactions resemble each other in two respects: They both begin with the same alkane 
(propane), and they both produce an alkyl radical and a hydrogen atom. They differ, how- 
ever, in the amount of energy required and in the type of carbon radical produced. These 
two differences are related to each other. 


@ Alkyl radicals are classified as being 1°, 2°, or 3? based on the carbon atom that 
has the unpaired electron, the same way that we classify carbocations based on the 
carbon atom with the positive charge. 


More energy must be supplied to produce a primary alkyl radical (the propyl radical) 
from propane than is required to produce a secondary carbon radical (the isopropyl radi- 
cal) from the same compound. This must mean that the primary radical has absorbed more 
energy and thus has greater potential energy. Because the relative stability of a chemical 
species is inversely related to its potential energy, the secondary radical must be the more 
stable radical (Fig. 10.1a). In fact, the secondary isopropyl radical is more stable than the 
primary propyl radical by 10 kJ mol a 

We can use the data in Table 10.1 to make a similar comparison of the tert-butyl radi- 
cal (a 3° radical) and the isobutyl radical (a 1° radical) relative to isobutane: 


EN + но AH 


= +400 kJ тог" 
tert-Butyl radical 
ш? (a 3? radical) 
Helpful Hint pur 
Knowing the relative stability H 
of radicals is important for “NN o B 
predicting reactions. у + H AH? = +422 kJ mol 


Isobutyl radical 
(a 1? radical) 


Here we find (Fig. 10.15) that the difference in stability of the two radicals is even larger. 
The tertiary radical is more stable than the primary radical by 22 kJ тој“ !. 
The kind of pattern that we find in these examples is found with alkyl radicals generally. 
9 Overall, the relative stabilities of radicals are 3° > 2° > 1? > methyl. 
Tertiary (3) > Secondary (2) > Primary (1°) > Methyl 


ја P í у 
сс C—C; сс: H—C 

N E N N 

C H H H 


€ The order of stability of alkyl radicals is the same as for carbocations 
(Section 6.11B). 


Although alkyl radicals are uncharged, the carbon that bears the odd electron is electron 
deficient. Therefore, alkyl groups attached to this carbon provide a stabilizing effect through 
hyperconjugation, and the more alkyl groups bonded to it, the more stable the radical is. 
Thus, the reasons for the relative stabilities of radicals and carbocations are similar. 


Ф "x 
AN 
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Figure 10.1 (а) Comparison of 
the potential energies of the 
propyl radical (-- H-) and the 


1? radical 
- 1° radical isopropyl radical (+H-) relative 
2° radical — to propane. The isopropyl 
radical (a 2? radical) is more 


ho d +H: `’ stable than the 1° radical by 
B ind 10 kJ mol. (b) Comparison 
2 +H: p 22 kJ mol! of the potential energies of 

. the tert-butyl radical (-- H-) and 

10 kJ тог! +H: 1 the isobutyl radical (+Н:) relative 
to isobutane. The 3? radical is 
more stable than the 1? radical 
by 22 kJ mol. 


AH? = +400 kJ тог! 
AH? = +423 kJ тог! 


AH? = +413 kJ тог! AH? = +422 kJ тог! 


PM 


(à) (b) o 
Solved Problem 10.1 


Classify each of the following radicals as being 1°, 2°, or 3°, and rank them in order of decreasing stability. 


> > œ 


STRATEGY AND ANSWER We examine the carbon bearing the unpaired electron in each radical to classify the 
radical as to its type. B is a tertiary radical (the carbon bearing the unpaired electron is tertiary) and is, therefore, 
most stable. C is a primary radical and is least stable. A, being a secondary radical, falls in between. The order of 
stability is B > A > C. 


List the following radicals in order of decreasing stability: Review Problem 10.2 


CH; ro a SAAN 


10.3 Reactions of Alkanes with Halogens 


6€ Alkanes react with molecular halogens to produce alkyl halides by a substitution 
reaction called radical halogenation. 


A general reaction showing formation of a monohaloalkane by radical halogenation is shown 
below. It is called radical halogenation because, as we shall see, the mechanism involves species 
with unpaired electrons called radicals. This reaction is not a nucleophilic substitution reaction. 


R—H + Х — R—X + HX 
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In these reactions a halogen atom replaces one or more of the hydrogen atoms of the alkane 
and the corresponding hydrogen halide is formed as a by-product. Only fluorine, chlorine, 
and bromine react this way with alkanes. Iodine is essentially unreactive, for a reason that 
we shall explain later. 


10.3A Multiple Halogen Substitution 


One complicating factor of alkane halogenations is that multiple substitutions almost always 
occur. The following example illustrates this phenomenon. If we mix an equimolar ratio 
of methane and chlorine (both substances are gases at room temperature) and then either 
heat the mixture or irradiate it with light of the appropriate wavelength, a reaction begins 
to occur vigorously and ultimately produces the following mixture of products. 


| | ji ji ji 
heat 
H—C—H + CL = H—C—Cl | H—C—Cl | H—C—CI + Cl—C—CI | H—CI 
| ight | | 
H H H Cl Cl 
Methane Chlorine Chloromethane Dichloromethane Trichloromethane Tetrachloromethane Hydrogen chloride 


Solved Problem 10.2 


(The sum of the number of moles of each chlorinated methane produced equals 
the number of moles of methane that reacted.) 


To understand the formation of this mixture, we need to consider how the concentration 
of reactants and products changes as the reaction proceeds. At the outset, the only com- 
pounds that are present in the mixture are chlorine and methane, and the only reaction that 
can take place is one that produces chloromethane and hydrogen chloride: 


| | 
= = + Cl, — H 9 cl + н—а 
H H 


As the reaction progresses, however, the concentration of chloromethane in the mixture 
increases, and a second substitution reaction begins to occur. Chloromethane reacts with 
chlorine to produce dichloromethane: 


| | 
i-o + Cl, — H 9 cl + H—Cl 
H H 


The dichloromethane produced can then react to form trichloromethane, and 
trichloromethane, as it accumulates in the mixture, can react with chlorine to produce tetra- 
chloromethane. Each time a substitution of —Cl for —H takes place, a molecule of 
H—Cl is produced. 


If the goal of a synthesis is to prepare chloromethane (СНЗСІ), its formation can be maximized and the formation 
of CH2Clo, CHCl3, and CCl, minimized by using a large excess of methane in the reaction mixture. Explain why 


this is possible. 


ANSWER The use of a large excess of methane maximizes the probability that chlorine will attack methane mol- 
ecules because the concentration of methane in the mixture will always be relatively large. It also minimizes the 
probability that chlorine will attack molecules of CH3Cl, CH2Clo, and CHCls, because their concentrations will 
always be relatively small. After the reaction is over, the unreacted excess methane can be recovered and recycled. 


10.4 Chlorination of Methane: Mechanism of Reaction 


10.3B Lack of Chlorine Selectivity 


Chlorination of most higher alkanes gives a mixture of isomeric monochloro products as well as 
more highly halogenated compounds. 


@ Chlorine is relatively unselective; it does not discriminate greatly among the different types 
of hydrogen atoms (primary, secondary, and tertiary) in an alkane. 


An example is the light-promoted chlorination of isobutane: 


pu DEN. pu + ES + Polychlorinated + HCI 
light products 


Cl (23%) 
Isobutane Isobutyl chloride tert-Butyl 
(48%) chloride (29%) 


€ Because alkane chlorinations usually yield a complex mixture of products, they are Help ful Hin _ 
not useful as synthetic methods when the goal is preparation of a specific alkyl Chlorination is unselective. 
chloride. 


€ An exception is the halogenation of an alkane (or cycloalkane) whose hydrogen 
atoms are all equivalent. [Equivalent hydrogen atoms are defined as those which 
on replacement by some other group (e.g., chlorine) yield the same compound.] 


Neopentane, for example, can form only one monohalogenation product, and the use of a 
large excess of neopentane minimizes polychlorination: 


E + а, => pur + на 
light 


Neopentane Neopentyl chloride 
(excess) 


€ Bromine is generally less reactive toward alkanes than chlorine, and bromine is 
more selective in the site of attack when it does react. 


We shall examine the selectivity of bromination further in Section 10.6A. 


10.4 Chlorination of Methane: Mechanism of Reaction 


The reaction of methane with chlorine (in the gas phase) provides a good example for study- 
ing the mechanism of radical halogenation. 


CH4 + Clo —> CHCI + HCI (+ CHeClo, CHCla, апа CCl4) 
Several experimental observations help in understanding the mechanism of this reaction: 


1. The reaction is promoted by heat or light. At room temperature methane and chlo- 
rine do not react at a perceptible rate as long as the mixture is kept away from light. 
Methane and chlorine do react, however, at room temperature if the gaseous reaction 
mixture is irradiated with UV light at a wavelength absorbed by Clo, and they react 
in the dark if the gaseous mixture is heated to temperatures greater than 100?C. 


2. The light-promoted reaction is highly efficient. A relatively small number of light 
photons permits the formation of relatively large amounts of chlorinated product. 


A mechanism that is consistent with these observations has several steps, shown below. 
The first step involves the dissociation of a chlorine molecule, by heat or light, into two 
chlorine atoms. The second step involves hydrogen abstraction by a chlorine atom. 
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A MECHANISM FOR THE REACTION 


Radical Chlorination of Methane 


REACTION 
heat 
CH, + Cb ——— СЊС + НСІ 
or light 
MECHANISM 
А vd а .. oe heat .. .. 
Chain Initiation CI CI: = СІ + СІ: 
br “. ог light .. e. 
Step 1: Halogen dissociation Under the influence of This step produces 
heat or light a molecule two highly reactive 
of chlorine dissociates; chlorine atoms. 
each atom takes one of 
the bonding electrons. 
| H 
Chain Propagation aele a C.H Cl CS 
Step 2: Hydrogen abstraction | H 
A chlorine atom This step produces a 
abstracts a hydrogen molecule of hydrogen 
atom from a chloride and a methyl 
methane molecule. radical. 
T TA |. А 
а о cc ep Ph" 
as | Remember: These conventions are 
used in illustrating reaction mecha- 
A methyl radical This step produces a nisms in this text. 
abstracts a chlorine molecule of methyl 1. Curved arrows ^ or^ always 
atom from a chlorine chloride and a show the direction of 
molecule. chlorine atom. The > ее Я 
chlorine atom can . single-barbed arrows ту SNOW 
oan the attack (or movement) of an 
now cause a repetition unpaired electron. 
of step 2. 3. Double-barbed arrows /~ show 
the attack (or movement) of an 
electron pair. 
H H 
TET A NA | . 
Chain Termination Lae ae в = Dx :CI: 
H H 


Coupling of any two radicals depletes the supply of 
reactive intermediates and terminates the chain. 
Several pairings are possible for radical 

coupling termination steps (see text). 


In step 3 the highly reactive methyl radical reacts with a chlorine molecule by abstracting 
a chlorine atom. This results in the formation of a molecule of chloromethane (one of the 
ultimate products of the reaction) and a chlorine atom. The latter product is particularly sig- 
nificant, for the chlorine atom formed in step 3 can attack another methane molecule and cause 


10.4 Chlorination of Methane: Mechanism of Reaction 


a repetition of step 2. Then, step 3 is repeated, and so forth, for hundreds or thousands of 
times. (With each repetition of step 3 a molecule of chloromethane is produced.) This type 
of sequential, stepwise mechanism, in which each step generates the reactive intermediate that 
causes the next cycle of the reaction to occur, is called a chain reaction. 

Step 1 is called the chain-initiating step. In the chain-initiating step radicals аге cre- 
ated. Steps 2 and 3 are called chain-propagating steps. In chain-propagating steps one 
radical generates another. 


Chain Initiation: creation of radicals 


Step 1 Cl, > 2 СІ. 


or light 


Chain Propagation: reaction and regeneration of radicals 
Step 2 CH, + Cl > СНз. + H—CI 
Step З СНз. + Clo —— CHsCI + СІ. 


The chain nature of the reaction accounts for the observation that the light-promoted reac- 
tion is highly efficient. The presence of a relatively few atoms of chlorine at any given 
moment is all that is needed to cause the formation of many thousands of molecules of 
chloromethane. 

What causes the chain reaction to terminate? Why does one photon of light not promote 
the chlorination of all of the methane molecules present? We know that this does not happen 
because we find that, at low temperatures, continuous irradiation is required or the reaction 
slows and stops. The answer to these questions is the existence of chain-terminating steps: 
steps that happen infrequently but occur often enough to use up one or both of the reactive 
intermediates. The continuous replacement of intermediates used up by chain-terminating 
steps requires continuous irradiation. Plausible chain-terminating steps are as follows. 


Chain Termination: consumption of radicals (e.g., by coupling) 


| | 

Z, s а 
H E > H cm 

H 


H 
H 

TS) ле Z3 и (Ethane by-product) 
Ју 


Our radical mechanism also explains how the reaction of methane with chlorine рго- 
duces the more highly halogenated products, CHaClo, CHCls, and ССЦ (as well as addi- 
tional HCl). As the reaction progresses, chloromethane (CH3Cl) accumulates in the mixture 
and its hydrogen atoms, too, are susceptible to abstraction by chlorine. Thus chloromethyl 
radicals are produced that lead to dichloromethane (CH3CI»). 


Side Reactions: multihalogenated by-product formation 


ii CI 
N 
Step2 CI 4 H:C—H — H:Cl + -C—H 
UE / 
H H 
CI 7 
Zo. 
Step 3 een —— D UM * CI 
H T 


(Dichloromethane) 
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Then step 2 is repeated, then step 3 is repeated, and so on. Each repetition of step 2 yields 
a molecule of НСІ, and each repetition of step 3 yields a molecule of СН2СІ2. 


When methane is chlorinated, among the products found are traces of chloroethane. How is it formed? Of what 
significance is its formation? 


STRATEGY AND ANSWER A small amount of ethane is formed by the combination of two methyl radicals: 


2 CHs: = CH3 5 CH3 


The ethane byproduct formed by coupling then reacts with chlorine in a radical halogenation reaction (see Section 


10.6) to form chloroethane. 


The significance of this observation is that it is evidence for the proposal that the combination of two methyl 
radicals is one of the chain-terminating steps in the chlorination of methane. 


Review Problem 10.3 


Review Problem 10.4 


Review Problem 10.5 


Suggest a method for separating and isolating the CH3Cl, CH2Cl2, CHCls, and ССЦ that 
may be formed as a mixture when methane is chlorinated. (You may want to consult a hand- 
book.) What analytical method could be used to separate this mixture and give structural 
information about each component? 


How would the molecular ion peaks in the respective mass spectra of CHaCl, CHoClo, 
CHCls, and CCl, differ on the basis of the number of chlorines (remember that chlorine 
has isotopes °°CI and З?СІ found in a 3 : 1 ratio)? 


If the goal is to synthesize CCl4 in maximum yield, this can be accomplished by using a 
large excess of chlorine. Explain. 


10.5 Chlorination of Methane: Energy Changes 


We saw in Section 10.2A that we can calculate the overall heat of reaction from bond 
dissociation energies. We can also calculate the heat of reaction for each individual step 
of a mechanism: 


Chain Initiation 


Step 1 CI—CI —> 2 Cl. AH? = +243 kJ mol! 
(DH? = 243) 
Chain Propagation 
Step 2 CH4—H + СІ. —> СНз. + H—CI AH? = +8 kJ тој“! 
(DH? = 440) (DH? = 432) 
Step З СНз. + CI—CI —> CH34—CI + Cl. AH? = —109 kJ тог! 


(DH* = 243) (DH° = 352) 


Chain Termination 


СНз. + Cl. > CH3—Cl AH? = —352 kJ тог“! 
(DH? = 352) 
СНз. + -CH3 —> СНз СНз AH? = —378 kJ тог“! 
(DH? = 378) 
Cl. + Cl — CI—CI AH? = –243 kJ тог! 
(DH? = 243) 


In the chain-initiating step only one bond is broken—the bond between two chlorine 
atoms—and no bonds are formed. The heat of reaction for this step is simply the bond dis- 
sociation energy for a chlorine molecule, and it is highly endothermic. 


10.5 Chlorination of Methane: Energy Changes 


In the chain-terminating steps bonds are formed, but no bonds are broken. As a result, 
all of the chain-terminating steps are highly exothermic. 

Each of the chain-propagating steps, on the other hand, requires the breaking of one bond 
and the formation of another. The value of AH? for each of these steps is the difference between 
the bond dissociation energy of the bond that is broken and the bond dissociation energy for 
the bond that is formed. The first chain-propagating step is slightly endothermic (AH? = +8 
kJ тог“ |), but the second is exothermic by a large amount (AH? = — 109 kJ тог“ !). 


Assuming the same mechanism applies, calculate AH? for the chain-initiating, chain-prop- 
agating, and chain-terminating steps involved in the fluorination of methane. 


The addition of the chain-propagating steps, cancelling species that appear on both sides 
of the arrows, yields the overall equation for the chlorination of methane: 


СЕ + CH3—H —> СНЕ: + H—CI AH? = +8 kJ тог! 
сна + CI—CI —> CH3—Cl + СЕ AH? = —109 kJ тог ! 
CH3—H + CI—CI —> CH3—CI + H—CI AH? = —101 kJ тог! 


and the addition of the values of AH” for the individual chain-propagating steps yields the 
overall value of AH? for the reaction. 


Show how you can use the chain-propagating steps (see Review Problem 10.6) to calcu- 
late the overall value of AH? for the fluorination of methane. 


10.5A The Overall Free-Energy Change 
For many reactions the entropy change is so small that the term T AS? in the expression 
AG? = AH? — TAS? 


is almost zero, and AG? is approximately equal to AH”. This happens when the reaction is 
one in which the relative order or disorder of reactants and products is about the same. Recall 
(Section 3.10) that entropy measures the relative disorder or randomness of a system. For 
a chemical system the relative disorder of the molecules can be related to the number of 
degrees of freedom available to the molecules and their constituent atoms. Degrees of free- 
dom are associated with ways in which movement or changes in relative position can occur. 
Molecules have three sorts of degrees of freedom: translational degrees of freedom asso- 
ciated with movements of the whole molecule through space, rotational degrees of free- 
dom associated with the tumbling motions of the molecule, and vibrational degrees of 
freedom associated with the stretching and bending motion of atoms about the bonds that 
connect them (Fig. 10.2). If the atoms of the products of a reaction have more degrees of 
freedom available than they did as reactants, the entropy change (AS?) for the reaction will 
be positive. If, on the other hand, the atoms of the products are more constrained (have fewer 
degrees of freedom) than the reactants, a negative AS? results. 
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Review Problem 10.6 


Helpful Hint 


Calculating overall AH? for a chain 
reaction. 


Review Problem 10.7 


Figure 10.2 Translational, rotational, and 
vibrational degrees of freedom for a simple 


diatomic molecule. 
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Consider the reaction of methane with chlorine: 
CH, + Clo — CHsCI + HCl 


Here, 2 mol of the products are formed from the same number of moles of the reactants. Thus 
the number of translational degrees of freedom available to products and reactants is the same. 
Furthermore, CH3Cl is a tetrahedral molecule like CH4, and HCl is a diatomic molecule like 
Clo. This means that vibrational and rotational degrees of freedom available to products and 
reactants should also be approximately the same. The actual entropy change for this reaction 
is quite small, AS° = +2.8 J K mol !. Therefore, at room temperature (298 K) the T AS? 
term is 0.8 kJ mol !, and thus the enthalpy change for the reaction and the free-energy change 
are almost equal: AH? = —101 kJ mol! and AG? = —102 kJ тог“ !. 

In situations like this one it is often convenient to make predictions about whether a reac- 
tion will proceed to completion on the basis of AH? rather than AG? since AH? values are 
readily obtained from bond dissociation energies. 


10.5B Activation Energies 


For many reactions that we shall study in which entropy changes are small, it is also often 
convenient to base our estimates of reaction rates simply on energies of activation, Ела, 
rather than on free energies of activation, АС“. Without going into detail, suffice it to say 
that these two quantities are closely related and that both measure the difference in energy 
between the reactants and the transition state. 


9 A low energy of activation means a reaction will take place rapidly; a high energy 
of activation means that a reaction will take place slowly. 


Having seen earlier in this section how to calculate AH? for each step in the chlorina- 
tion of methane, let us consider the energy of activation for each step. These values are as 
follows: 

Chain Initiation 
Step! Cl —> 2 Cl. Eact = +243 kJ тој“! 
Chain Propagation 


Step 2 Cl. + CH, —9 HCI + CH} Eae = +16 kJ mor! 
Step3 СНз. + Cl; —— CH3CI + СІ. Ела = ~8 kJ mor! 


How does one know what the energy of activation for a reaction will be? Could we, for 
example, have predicted from bond dissociation energies that the energy of activation for 
the reaction СІ. + CH, > HCI + СНз. would be precisely 16 kJ тој“ !7 The answer is 
no. The energy of activation must be determined from other experimental data. It cannot 
be directly measured—it is calculated. Certain principles have been established, however, 
that enable one to arrive at estimates of energies of activation: 


1. Any reaction in which bonds are broken will have an energy of activation greater 
than zero. This will be true even if a stronger bond is formed and the reaction 
is exothermic. The reason: Bond formation and bond breaking do not occur 
simultaneously in the transition state. Bond formation lags behind, and its energy 
is not all available for bond breaking. 


2. Activation energies of endothermic reactions that involve both bond formation and 
bond rupture will be greater than the heat of reaction, AH°. Two examples illus- 
trate this principle, namely, the first chain-propagating step in the chlorination of 
methane and the corresponding step in the bromination of methane: 


СІ. + CH3—H ^ H—Cl + СНз: AH? = +8 kJ тог! 
(DH? = 440) (DH? = 432) Enact = +16 kJ тог“! 

Br. + CH3—H > H—Br + СНз: AH? = +74 kJ тог“! 
(DH* = 440)  (DH^- 366) Enact = +78 kJ тог! 


10.5 Chlorination of Methane: Energy Changes 


In both of these reactions the energy released in bond formation is less than that 
required for bond rupture; both reactions are, therefore, endothermic. We can easily 
see why the energy of activation for each reaction is greater than the heat of reaction 
by looking at the potential energy diagrams in Fig. 10.3. In each case the path from 
reactants to products is from a lower energy plateau to a higher one. In each case the 
intervening energy hill is higher still, and since the energy of activation is the verti- 
cal (energy) distance between the plateau of reactants and the top of this hill, the 
energy of activation exceeds the heat of reaction. 


Transition state 
V Br HCH,” 


H—Br + CH, 


Transition state Ега = 


+78 kJ тог! AH? = 
ô. E E M ô. m 
С-Н СНз" E = +16 kJ mor" 474 kJ mor! 
H— OI + CH; 
$| Ck + CH, AH? = +8 kJ тог! Br. + CH, 
5 Reactants Products Reactants Products 


Reaction coordinate Reaction coordinate 


(a) (b) 


Figure 10.3 Potential energy diagrams for (a) the reaction of a chlorine atom with methane and 
(b) the reaction of a bromine atom with methane. 


3. The energy of activation of a gas-phase reaction where bonds are broken 
homolytically but no bonds are formed is equal to AH°.* An example of this type 
of reaction is the chain-initiating step in the chlorination of methane—the dissocia- 
tion of chlorine molecules into chlorine atoms: 


CI—CI —— 2Cl. AH? = +243 kJ тог ! 
(DH* = 243) Ела = +243 kJ тој“! 


The potential energy diagram for this reaction is shown in Fig. 10.4. 


AH? = Ега = +243 kJ тог! 


Figure 10.4 Potential energy diagram for the 
Reaction coordinate dissociation of a chlorine molecule into chlorine atoms. 


4. The energy of activation for a gas-phase reaction in which small radicals com- 
bine to form molecules is usually zero. In reactions of this type the problem of non- 
simultaneous bond formation and bond rupture does not exist; only one process 
occurs: that of bond formation. All of the chain-terminating steps in the chlorination 


*This rule applies only to radical reactions taking place in the gas phase. It does not apply to reactions taking 
place in solution, especially where ions are involved, because solvation energies are also important. 
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of methane fall into this category. An example is the combination of two methyl rad- 
icals to form a molecule of ethane: 


2 CH; —> CH34—CHs AH? = —378 kJ тог! 
(DH? = 378) Eact = 0 


Figure 10.5 illustrates the potential energy changes that occur in this reaction. 


AH? = —378 kJ тог! 
Ега =0 


Reaction coordinate 


Figure 10.5 Potential energy diagram for the 
combination of two methyl radicals to form a molecule 
of ethane. 


Review Problem 10.8 When pentane is heated to a very high temperature, radical reactions take place that pro- 
duce (among other products) methane, ethane, propane, and butane. This type of change is 
called thermal cracking. Among the reactions that take place are the following: 


(oe suu 8 quas des NAN 

(2) М МЫ 0 CHCH + У 

(3) СНз. + СНз. — CH3CH3 

(4) Сн + ИК M OH. 8 n 
(5 СНа + СНС —> <N 

(6 СЊСЊ + СНОН: — МИК 


(a) For which of these reactions would you expect Еле to equal zero? 


(b) To be greater than zero? 
(c) To equal AH°? 


Review Problem 10.9 (a) Consider the chain-propagating steps shown here for the fluorination of methane and 
the accompanying data. Sketch a potential energy diagram for each step. Label energy 
differences quantitatively, and sketch the transition state structures. 


о + F. —> CH; + HF Ега = +5.0 kJ тог“! 
AH? = —130 kJ тог“! 
СНз. + Fo —9 СЊ—Е + Е. Ега = +1.0 kJ mol! 

AH? = —302 kJ тог“! 


(b) Consider the chain-initiating and chain-terminating steps shown here for the fluorina- 
tion of methane. Sketch and label potential energy diagrams for these reactions, in the 
same way as specified in part (a). 


Fo — 2F. Ела = +159 kJ тог ! 
сна + Е. —> СЊ—Е AH? = —461 kJ mol! 


10.5 Chlorination of Methane: Energy Changes 


(c) Sketch a potential energy diagram for the following reaction. Note that it is the reverse 
of a reaction in part (a). 


CH3- + H F > CH, FF 


10.5C Reaction of Methane with Other Halogens 


The reactivity of one substance toward another is measured by the rate at which the two 
substances react. A reagent that reacts very rapidly with a particular substance is said to be 
highly reactive toward that substance. One that reacts slowly or not at all under the same 
experimental conditions (e.g., concentration, pressure, and temperature) is said to have a 
low relative reactivity or to be unreactive. The reactions of the halogens (fluorine, chlorine, 
bromine, and iodine) with methane show a wide spread of relative reactivities. Fluorine is 
most reactive—so reactive, in fact, that without special precautions mixtures of fluorine and 
methane explode. Chlorine is the next most reactive. However, the chlorination of methane 
is easily controlled by the judicious control of heat, light, and concentration. Bromine is 
much less reactive toward methane than chlorine, and iodine is so unreactive that for all 
practical purposes we can say that no reaction takes place. 

If the mechanisms for fluorination, bromination, and iodination of methane are the same 
as for its chlorination, we can explain the wide variation in reactivity of the halogens by a 
careful examination of AH? and E, for each step. 


FLUORINATION 


AH? (kJ mol") Ега (KJ mol!) 
Chain Initiation 
F,—2F. +159 +159 
Chain Propagation 
F. + CH,— НЕ + СН3: —130 +5.0 
СНз. + Fo > СЊЕ + Е. —302 Small 


Overall AH? = —432 


The chain-initiating step in fluorination is highly endothermic and thus has a high energy 
of activation. 

If we did not know otherwise, we might carelessly conclude from the energy of activa- 
tion of the chain-initiating step alone that fluorine would be quite unreactive toward methane. 
(If we then proceeded to try the reaction, as a result of this careless assessment, the results 
would be literally disastrous.) We know, however, that the chain-initiating step occurs only 
infrequently relative to the chain-propagating steps. One initiating step is able to produce 
thousands of fluorination reactions. As a result, the high activation energy for this step is 
not an impediment to the reaction. 

Chain-propagating steps, by contrast, cannot afford to have high energies of activation. 
If they do, the highly reactive intermediates are consumed by chain-terminating steps before 
the chains progress very far. Both of the chain-propagating steps in fluorination have very 
small energies of activation. This allows a relatively large fraction of energetically favorable 
collisions even at room temperature. Moreover, the overall heat of reaction, AH?, is very 
large. This means that as the reaction occurs, a large quantity of heat is evolved. This heat 
may accumulate in the mixture faster than it dissipates to the surroundings, causing the tem- 
perature to rise and with it a rapid increase in the frequency of additional chain-initiating 
steps that would generate additional chains. These two factors, the low energy of activation 
for the chain-propagating steps and the large overall heat of reaction, account for the high 
reactivity of fluorine toward methane. (Fluorination reactions can be controlled. This is usu- 
ally accomplished by diluting both the hydrocarbon and the fluorine with an inert gas such 
as helium before bringing them together. The reaction is also carried out in a reactor packed 
with copper shot. The copper, by absorbing the heat produced, moderates the reaction.) 
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CHLORINATION 


AH? (kJ mol") Ега (kJ mol!) 
Chain Initiation 
Cl; — 2 Cl. +243 +243 
AH? (kJ mol") Ега (KJ mol!) 
Chain Propagation 
CI- + CH, —> НСІ + СНз: +8 +16 
СНз. + Cl) — CHCl + СІ. —109 Small 


Overall AH? — —101 


The higher energy of activation of the first chain-propagating step (the hydrogen abstrac- 
tion step) in the chlorination of methane (+16 kJ mol | b compared to the lower energy of 
activation (+5.0 kJ то!“ !) in the fluorination, partly explains the lower reactivity of chlo- 
rine. The greater energy required to break the chlorine-chlorine bond in the initiating step 
(243 kJ mol ! for Cl; versus 159 kJ тог“ ! for F2) has some effect, too. However, the much 
greater overall heat of reaction in fluorination probably plays the greatest role in account- 
ing for the much greater reactivity of fluorine. 


BROMINATION 
AH? (kJ mol") Ега (KJ mol!) 
Chain Initiation 
Bro — 2 Вг. +193 +193 
Chain Propagation 
Br. + CH, —> НВг + CH3- +74 +78 
СНз: + Bro ——> СНзВг + Вг. —100 Small 


Overall AH? =  —26 


In contrast to chlorination, the hydrogen atom abstraction step in bromination has a very 
high energy of activation (E44 = 78 kJ тој“ !). This means that only a very tiny fraction 
of all of the collisions between bromine atoms and methane molecules will be energeti- 
cally effective even at a temperature of 300?C. Bromine, as a result, is much less reactive 
toward methane than chlorine, even though the net reaction is slightly exothermic. 


IODINATION 
AH? (kJ mol") Ега (kJ mol!) 
Chain Initiation 
l;—21 +151 +151 
Chain Propagation 
| + CH, — НІ + СНз: +142 +140 
СНз. + 1. — CHgl + 1. —89 Small 


Overall AH? = +53 


The thermodynamic quantities for iodination of methane make it clear that the chain-ini- 
tiating step is not responsible for the observed order of reactivities: Fo > Clo > Bro > lo. The 
iodine-iodine bond is even weaker than the fluorine—fluorine bond. On this basis alone, one 
would predict iodine to be the most reactive of the halogens. This clearly is not the case. Once 
again, it is the hydrogen atom-abstraction step that correlates with the experimentally deter- 
mined order of reactivities. The energy of activation of this step in the iodine reaction (140 
kJ тог“ !) is so large that only two collisions out of every 10!” have sufficient energy to pro- 
duce reactions at 300°C. As a result, iodination is not a feasible reaction experimentally. 

Before we leave this topic, one further point needs to be made. We have given explana- 
tions of the relative reactivities of the halogens toward methane that have been based on energy 
considerations alone. This has been possible only because the reactions are quite similar and 
thus have similar entropy changes. Had the reactions been of different types, this kind of analy- 
sis would not have been proper and might have given incorrect explanations. 
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10.6 Halogenation of Higher Alkanes 


10.6 Halogenation of Higher Alkanes 


Higher alkanes react with halogens by the same kind of chain mechanism as those that we 
have just seen. Ethane, for example, reacts with chlorine to produce chloroethane (ethyl 
chloride). The mechanism is as follows: 


A MECHANISM FOR THE REACTION 


Radical Halogenation of Ethane 


Chain Initiation 
light 
Cl, === 2 Cl: 
Step 1 2 
heat 


Chain Propagation 


(Aes 
Step 2 CH,CH,:H + -СІ —9 CH,CH,: + H:Cl 
ed 
Step 3 cn on ete —> CH,CH;CI + СІ: 


Chain propagation continues with steps 2, 3, 2, 3, and so on. 


Chain Termination 


CH,CH,^ 4 «cl —> CH,CH,CI 


CH,CH, ^4 CH,CH, —> CH,CH, CH,CH, 


ire 


С СІ —— CI:Cl 


(a) Consider the hydrogen abstraction step in the chlorination of ethane. Review Problem 10.10 
CH3— CH; + Cl. —> CH4— CH»: + НСІ Ба = 4.2 kJ тог! 


Calculate АН for this step using data from Table 10.1, and draw a fully labeled poten- 
tial energy diagram, similar to that shown in Fig. 10.3a. 


(b) When an equimolar mixture of methane and ethane is chlorinated, the reaction yields 
chloroethane and chloromethane in a ratio of 400 : 1. 
Cl 
400 8 1 


Explain the observed ratio of products. 


When ethane is chlorinated, 1,1-dichloroethane and 1,2-dichloroethane, as well as more Review Problem 10.11 
highly chlorinated ethanes, are formed in the mixture (see Section 10.3A). Write chain reac- 
tion mechanisms accounting for the formation of 1,1-dichloroethane and 1,2-dichloroethane. 


Chlorination of most alkanes whose molecules contain more than two carbon atoms gives 
a mixture of isomeric monochloro products (as well as more highly chlorinated compounds). 
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Several examples follow. The percentages given are based on the total amount of mono- 
chloro products formed in each reaction. 


Cl, Cl 
———— CI 
a, light, 25°C gone И p 
Propane 1-Chloropropane 2-Chloropropane 
(45%) (55%) 
A & : 
light с! 
25°C СІ 
2-Methylpropane 1-Chloro-2-methyl- 2-Chloro-2-methyl- 
propane propane 
(63%) (37%) 
x m per 
300°C Cl 
Cl 
2-Methylbutane 1-Chloro-2-methylbutane 2-Chloro-2-methyl- 
(30%) butane 
(22%) 
T + Ea 
CI 
CI 
2-Chloro-3-methyl- 1-Chloro-3-methyl- 
butane butane 
(33%) (15%) 


The ratios of products that we obtain from chlorination reactions of higher alkanes are 
not identical with what we would expect if all the hydrogen atoms of the alkane were equally 
reactive. We find that there is a correlation between reactivity of different hydrogen atoms 
and the type of hydrogen atom (1°, 2°, or 3°) being replaced. The tertiary hydrogen atoms 
of an alkane are most reactive, secondary hydrogen atoms are next most reactive, and pri- 
mary hydrogen atoms are the least reactive (see Review Problem 10.12). 


(a) What percentages of 1-chloropropane and 2-chloropropane would you expect to obtain 
from the chlorination of propane if 1° and 2° hydrogen atoms were equally reactive? 


Cl 
PO ЛЕШ gf Gf + КД 


hv 
(b) What percentages of 1-chloro-2-methylpropane and 2-chloro-2-methylpropane would 
you expect from the chlorination of 2-methylpropane if the 1° and 3° hydrogen atoms 
were equally reactive? 


A & Да A 


(c) Compare these calculated answers with the results actually obtained (above in Section 
10.6) and justify the assertion that the order of reactivity of the hydrogen atoms is 
3° > 2° > 1°. 


10.6 Halogenation of Higher Alkanes 


We can account for the relative reactivities of the primary, secondary, and tertiary 
hydrogen atoms in a chlorination reaction on the basis of the homolytic bond dissocia- 
tion energies we saw earlier (Table 10.1). Of the three types, breaking a tertiary C—H 
bond requires the least energy, and breaking a primary C—H bond requires the most. 
Since the step in which the C—H bond is broken (i.e., the hydrogen atom-abstraction 
step) determines the location or orientation of the chlorination, we would expect the E; 
for abstracting a tertiary hydrogen atom to be least and the E, for abstracting a primary 
hydrogen atom to be greatest. Thus tertiary hydrogen atoms should be most reactive, sec- 
ondary hydrogen atoms should be the next most reactive, and primary hydrogen atoms 
should be the least reactive. 

The differences in the rates with which primary, secondary, and tertiary hydrogen 
atoms are replaced by chlorine are not large, however. Chlorine, as a result, does not dis- 
criminate among the different types of hydrogen atoms in a way that makes chlorination 
of higher alkanes a generally useful laboratory synthesis. (Alkane chlorinations do find 
use in some industrial processes, especially in those instances where mixtures of alkyl 
chlorides can be used.) 
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Solved Problem 10.4 


An alkane with the formula C5H42 undergoes chlorination to give only one product with the formula C5H44Cl. What 


is the structure of this alkane? 


STRATEGY AND ANSWER The hydrogen atoms of the alkane must all be equivalent, so CH3 
that replacing any one of them leads to the same product. The only five-carbon alkane for | 


which this is true is neopentane. 


Chlorination reactions of certain alkanes can be used for laboratory preparations. Examples 
are the preparation of chlorocyclopropane from cyclopropane and chlorocyclobutane from 
cyclobutane. 


Cl 
а Д 
— 
ћу 
(ехсе55) 
CI 
oe С 
— 
hv 
(excess) 


What structural feature of these molecules makes this possible? 


Each of the following alkanes reacts with chlorine to give a single monochloro substitu- 
tion product. On the basis of this information, deduce the structure of each alkane. 


(a) С5Нчо (b) CgHig 


10.6A Selectivity of Bromine 


@ Bromine is less reactive than chlorine toward alkanes in general but bromine is 
more selective in the site of attack. 


ae g cn 


Review Problem 10.13 


Review Problem 10.14 


Helpful Hint 


Bromination is selective. 
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Bromine shows a much greater ability to discriminate among the different types of hydro- 
gen atoms. The reaction of 2-methylpropane and bromine, for example, gives almost exclu- 
sive replacement of the tertiary hydrogen atom: 


pu — i A Br 
—== 
ћу, 127°C 


Вг 
(>99%) (trace) 


A very different result is obtained when 2-methylpropane reacts with chlorine: 


P oet p T A с! 
ћу, 25°C 
CI 
(37%) (63%) 


Fluorine, being much more reactive than chlorine, is even less selective than chlorine. 
Because the energy of activation for the abstraction of any type of hydrogen by a fluorine 
atom is low, there is very little difference in the rate at which a 1°, 2°, or 3° hydrogen reacts 
with fluorine. Reactions of alkanes with fluorine give (almost) the distribution of products 
that we would expect if all of the hydrogens of the alkane were equally reactive. 


Solved Problem 10.5 


Explain why temperature is an important variable to consider when using isomer distribution to evaluate the reac- 
tivities of the hydrogens of an alkane toward radical chlorination. 


STRATEGY AND ANSWER At lower temperatures, isomer distribution accurately reflects the inherent reactivities 
of the hydrogens of the alkanes. As the temperature is raised, more chlorine atoms have sufficient energy to sur- 
mount the larger energy of activation that accompanies hydrogen abstraction at the less substituted carbons. If the 
temperature is high enough, hydrogens are replaced by chlorine on a purely statistical basis. 


10.7 The Geometry of Alkyl Radicals 


Experimental evidence indicates that the geometric structure of most alkyl radicals is trig- 
onal planar at the carbon having the unpaired electron. This structure can be accommodated 
by an sp?-hybridized central carbon. In an alkyl radical, the p orbital contains the unpaired 
electron (Fig. 10.6). 


Figure 10.6 (a) Drawing of a methyl radical 
showing the sp?-hybridized carbon atom at the 
center, the unpaired electron in the half-filled p 
orbital, and the three pairs of electrons involved 
in covalent bonding. The unpaired electron could 
be shown in either lobe. (b) Calculated structure 
for the methyl radical showing the highest 
occupied molecular orbital, where the unpaired 
electron resides, in red and blue. The region of 
bonding electron density around the carbons 
and hydrogens is in gray. (a) (b) 
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10.8 Reactions That Generate Tetrahedral Chirality Centers 


@ When achiral molecules react to produce a compound with a single tetrahedral chi- 
rality center, the product will be a racemic form. 


This will always be true in the absence of any chiral influence on the reaction such as an 
enzyme or the use of a chiral reagent or solvent. 
Let us examine a reaction that illustrates this principle, the radical chlorination of pentane: 


CI 
БЕ 9 с! din din 
СОУ N = У TF + + 
(achiral) Peds 
Cl 
Pentane 1-Chloropentane (+)-2-Chloropentane 3-Chloropentane 
(achiral) (achiral) (a racemic form) (achiral) 


The reaction will lead to the products shown here, as well as more highly chlorinated 
products. (We can use an excess of pentane to minimize multiple chlorinations.) Neither 
1-chloropentane nor 3-chloropentane contains a chirality center, but 2-chloropentane does, 
and it is obtained as a racemic form. If we examine the mechanism we shall see why. 


A MECHANISM FOR THE REACTION 


The Stereochemistry of Chlorination at C2 of Pentane 


m 


CH3CH;CH;CH5CHs 


I 
CH 
CH; 8 HC 
< с! | с! N 
cl + С“ es C => саа 
UH (a) m Q( wj 


CH;CH;CHs Н CH;CH;CH; CH,CH;CH; 
(S)-2-Chloropentane Trigonal planar (R)-2-Chloropentane 
(50%) radical (50%) 

(achiral) 


а) 


Abstraction of а hydrogen atom from C2 produces а trigonal planar radical that is 
achiral. This radical then reacts with chlorine at either face [by path (a) or path (b)]. 
Because the radical is achiral, the probability of reaction by either path is the same; 
therefore, the two enantiomers are produced in equal amounts, and a racemic form 
of 2-chloropentane results. 
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10.8A Generation of a Second Chirality Center in a Radical 
Halogenation 


Let us now examine what happens when a chiral molecule (containing one chirality cen- 
ter) reacts so as to yield a product with a second chirality center. As an example consider 
what happens when (S)-2-chloropentane undergoes chlorination at СЗ (other products аге 
formed, of course, by chlorination at other carbon atoms). The results of chlorination at C8 
are shown in the box below. 

The products of the reactions are (2$,35)-2,3-dichloropentane and (25,3К)-2,3- 
dichloropentane. These two compounds are diastereomers. (They are stereoisomers 
but they are not mirror images of each other.) The two diastereomers are not produced in 
equal amounts. Because the intermediate radical itself is chiral, reactions at the two faces 
are not equally likely. The radical reacts with chlorine to a greater extent at one face than 
the other (although we cannot easily predict which). That is, the presence of a chirality cen- 
ter in the radical (at C2) influences the reaction that introduces the new chirality center 
(at C3). 

Both of the 2,3-dichloropentane diastereomers are chiral and, therefore, each exhibits 
optical activity. Moreover, because the two compounds are diastereomers, they have dif- 
ferent physical properties (e.g., different melting points and boiling points) and are sepa- 
rable by conventional means (by gas chromatography or by careful fractional distillation). 


A MECHANISM FOR THE REACTION 


The Stereochemistry of Chlorination at C3 of (S)-2-Chloropentane 


СНз 


HQ i A 


(S)-2-Chloropentane 


ie 


СНз СНз СНз 
П: 8] [n E Wel na = „а 
| 8222 : 
Ss C 22 C S C 22 
Cl, | Cl, 
Cl + C «—— С — C + Cl 
а “н (a) А (b) не { “а 
Сн, E H CH, 
| | 
CH3 H3C CH3 
(2S,3S)-2,3-Dichloropentane Trigonal planar (2S,3R)-2,3-Dichloropentane 
(chiral) radical (chiral) 
(chiral) 


Abstraction of a hydrogen atom from C3 of (S)-2-chloropentane produces a radical that is chiral (it contains a chirality 
center at C2). This chiral radical can then react with chlorine at one face [path (a)] to produce (2S, 3S)-2,3-dichloropen- 
tane and the other face [path (b)] to yield (2S, 3R) -2,3-dichloropentane. These two compounds are diastereomers, and 
they are not produced in equal amounts. Each product is chiral, and each alone would be optically active. 


H 
10.8 Reactions That Generate Tetrahedral Chirality Centers P H a 483 


Consider the chlorination of (S)-2-chloropentane at C4. (a) Write structural formulas for Review Problem 10.15 
the products, showing three dimensions at all chirality centers. Give each its proper (R,S) 

designation. (b) What is the stereoisomeric relationship between these products? (c) Are 

both products chiral? (d) Are both optically active? (e) Could the products be separated 

by conventional means? (f) What other dichloropentanes would be obtained by chlori- 

nation of (S)-2-chloropentane? (g) Which of these are optically active? 


Solved Problem 10.6 


Consider the bromination of butane using sufficient bromine to cause dibromination. After the reaction is over, you 
separate all the dibromobutane isomers by gas chromatography or by fractional distillation. How many fractions 
would you obtain, and what compounds would the individual fractions contain? Which if any of the fractions would 
be optically active? 


STRATEGY AND ANSWER The construction of handheld models will help in solving this problem. First, decide 
how many constitutional isomers are possible by replacing two hydrogens of butane with two bromine atoms. There 
are six: 1,1-dibromobutane, 1,2-dibromobutane, 2,2-dibromobutane, 2,3-dibromobutane, 1,3-dibromobutane, and 
1,4-dibromobutane. Then recall that constitutional isomers have different physical properties (1.е., boiling points, 
and retention times in a gas chromatograph), so there should be at least six fractions. In actuality there are seven. 
See fractions (a)-(g) below. We soon see why there are seven fractions if we examine each constitutional isomer 
looking for chirality centers and stereoisomers. Isomers (a), (c), and (g) have no chirality centers and are, there- 
fore, achiral and are optically inactive. 1,2-Dibromobutane in fraction (b) and 1,4-dibromobutane in fraction (f) 
each have one chirality center and, because there is no chiral influence on the reaction, they will be formed as a 
50 : 50 mixture of enantiomers (a racemate). A racemate cannot be separated by distillation or conventional gas 
chromatography; therefore, fractions (b) and (f) will not be optically active. 2,3-Dibromobutane has two chirality 
centers and will be formed as a racemate [fraction (d)] and as a meso compound, fraction (e). Both fractions will 
be optically inactive. The meso compound is a diastereomer of the enantiomers in fraction (d) (and has different 
physical properties from them); therefore, it is separated from them by distillation or gas chromatography. 


Br 


Bro E E Br 
Pa e BUTS С E a oe y i 
light H ë Br Br ‘H Br 


Achiral | m Achiral 
(a) Enantiomers (c) 
(b) 

LR BI HBr 
Br Br 

Achiral ——Á' Á—— Ó 
Enantiomers (a meso compound) Enantiomers 

(d) (e) (f) 


о QE 
M Br 


Achiral 
(g) 
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Review Problem 10.16 Consider the monochlorination of 2-methylbutane. 
| 
| Cl 
Cl 


(a) Assuming that the product mixture was subjected to fractional distillation, which frac- 
tions, if any, would show optical activity? (b) Could any of these fractions be resolved, 
theoretically, into enantiomers? (c) Could each fraction from the distillation be identi- 
fied on the basis of 'H NMR spectroscopy? What specific characteristics іп a 'H NMR spec- 
trum of each fraction would indicate the identity of the component(s) in that fraction? 


10.9 Radical Addition to Alkenes: The Anti-Markovnikov 
Addition of Hydrogen Bromide 


Before 1933, the orientation of the addition of hydrogen bromide to alkenes was the sub- 
ject of much confusion. At times addition occurred in accordance with Markovnikov’s 
rule; at other times it occurred in just the opposite manner. Many instances were reported 
where, under what seemed to be the same experimental conditions, Markovnikov addi- 
tions were obtained in one laboratory and anti-Markovnikov additions in another. At times 
even the same chemist would obtain different results using the same conditions but on 
different occasions. 

The mystery was solved in 1933 by the research of M. S. Kharasch and F. R. Mayo (of 
the University of Chicago). The explanatory factor turned out to be organic peroxides pre- 
sent in the alkenes—peroxides that were formed by the action of atmospheric oxygen on 
the alkenes (Section 10.11D). 


@ When alkenes containing peroxides or hydroperoxides react with hydrogen bro- 
mide, anti-Markovnikov addition of HBr occurs. 


R—O—O—R R—Ö—Ö—H 
An organic peroxide An organic hydroperoxide 


For example, in the presence of peroxides propene yields 1-bromopropane. In the absence 
of peroxides, or in the presence of compounds that “trap” radicals, normal Markovnikov 
addition occurs. 


HBr, ROOR В Anti-Markovnikov 


(peroxides addition 
present) 
A7 
\ Br 
Har pu Markovnikov 
pna addition 


€ Hydrogen bromide is the only hydrogen halide that gives anti-Markovnikov addi- 
tion when peroxides are present. 
Hydrogen fluoride, hydrogen chloride, and hydrogen iodide do not give anti-Markovnikov 
addition even when peroxides are present. 
The mechanism for anti-Markovnikov addition of hydrogen bromide is a radical 
chain reaction initiated by peroxides. 


б "x 
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A MECHANISM FOR THE REACTION 


Anti-Markovnikov Addition 


Chain Initiation 


ee heat 2 
Step 1 лоо а 0 
Heat brings about homolytic 
cleavage of the weak 
oxygen-oxygen bond. 


Step 2 ROH) Br — R—O:H + :Br- 


The alkoxyl radical abstracts a 
hydrogen atom from HBr, producing a 
bromine radical. 


Chain Propagation 
а NN " 
Step 3 :Br- + H;C—CH— CH, —> :Br:CH,—CH—CH, 
2? Radical 


A bromine radical adds to the double bond 
to produce the more stable 2? alkyl radical. 


Step 4 ó; Alcs ET d 
:Br—CH,—CH—CH, + Н: Br: —9 :Br—CH,—CH—CH, + -Br: 
1-Bromopropane 


The alkyl radical abstracts a hydrogen atom from HBr. 
This leads to the product and regenerates a bromine radical. 
Then repetitions of steps 3 and 4 lead to a chain reaction. 


Step | is the simple homolytic cleavage of the peroxide molecule to produce two alkoxyl 
radicals. The oxygen—oxygen bond of peroxides is weak, and such reactions are known to 
occur readily: 

R—Ö:Ö—R — 2R—O- AH? = +150 kJ тог“! 
Peroxide Alkoxyl radical 

Step 2 of the mechanism, abstraction of a hydrogen atom by the radical, is exothermic 
and has a low energy of activation: 

R—Ó- + H:Br: —> R—O:H + :Br- AH? = —96 kJ mol! 
Ела 15 low 

Step 3 of the mechanism determines the final orientation of bromine in the product. It 

occurs as it does because a more stable secondary radical is produced and because attack 


at the primary carbon atom is less hindered. Had the bromine attacked propene at the sec- 
ondary carbon atom, a less stable, primary radical would have been the result, 


Las 
Br’ + CH, CHCH, >> -CH.CHCH, 


Br 
1° Radical 
(less stable) 


and attack at the secondary carbon atom would have been more hindered. 
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Step 4 of the mechanism is simply the abstraction of a hydrogen atom from hydrogen 
bromide by the radical produced in step 3. This hydrogen atom abstraction produces a 
bromine atom (which, of course, is a radical due to its unpaired electron) that can bring 
about step 3 again; then step 4 occurs again—a chain reaction. 


10.9A Summary of Markovnikov versus Anti-Markovnikov 
Addition of HBr to Alkenes 


We can now see the contrast between the two ways that HBr can add to an alkene. In the 
absence of peroxides, the reagent that attacks the double bond first is a proton. Because a 
proton is small, steric effects are unimportant. It attaches itself to a carbon atom by an ionic 
mechanism so as to form the more stable carbocation. The result is Markovnikov addition. 
Polar, protic solvents favor this process. 


Helpful Hint 


A tip for alkyl halide synthesis. 


lonic Addition 


H-CBr VL | Вг 
ASH pu 
zu ——À5 и —ә 
Markovnikov 


Addition to form the product 


more stable carbocation 


In the presence of peroxides, the reagent that attacks the double bond first is the larger 
bromine atom. It attaches itself to the less hindered carbon atom by a radical mechanism, 
so as to form the more stable radical intermediate. The result is anti-Markovnikov addi- 
tion. Nonpolar solvents are preferable for reactions involving radicals. 


Radical Addition 
din H 


"=. ШАВ! — A er + Br 


zm Anti-Markovnikov 
Addition to form the product 


more stable alkyl radical 


10.10 Radical Polymerization of Alkenes: Chain-Growth Polymers 


Polymers are substances that consist of very large molecules called macromolecules that 
are made up of many repeating subunits. The molecular subunits that are used to synthe- 
size polymers are called monomers, and the reactions by which monomers are joined 
together are called polymerizations. Many polymerizations can be initiated by radicals. 

Ethylene (ethene), for example, is the monomer that is used to synthesize the familiar 
polymer called polyethylene. 


Monomeric units 


polymerization 
—————— 


mCH,—CH, —CH;CH,-- CH,CH;4;CH,CH,— 
Ethylene Polyethylene 
monomer polymer 


(m and n аге large numbers) 


Because polymers such as polyethylene are made by addition reactions, they are often called 
chain-growth polymers or addition polymers. Let us now examine in some detail how 
polyethylene is made. 
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10.10 Radical Polymerization of Alkenes: Chain-Growth Polymers 


Ethylene polymerizes by a radical mechanism when it is heated at a pressure of 1000 
atm with a small amount of an organic peroxide (called a diacyl peroxide). 


A MECHANISM FOR THE REACTION 


Radical Polymerization of Ethene 


Chain Initiation 


О 
ee! All 
Step 1 == 0 ОЕА => 26:09; => 2CO, + 2n 
Diacyl peroxide 
Step 2 PLI олла — RCH CH: 


The diacyl peroxide dissociates and releases carbon dioxide gas. 
Alkyl radicals are produced, which in turn initiate chains. 


Chain Propagation 
Step 3 R—CH,CH,“+ ACH CH, — R-CCH,CHj3; CH;CH; 
Chains propagate by adding successive ethylene units, until their 
growth is stopped by combination or disproportionation. 
Chain Termination 
combination R ECCHI CHICHIS 


Step 4 2 R+-CH,CH;)-CH,CH,: 


disproportionation R-CCH,CH A; CH—CH, 4t 
R-+CH,CH;),CH,CH, 


The radical at the end of the growing polymer chain can also abstract a hydrogen 
atom from itself by what is called “back biting.” This leads to chain branching. 


Chain Branching 


Г CH, 
R—CH,CH CH, —> RCH,CH+CH,CH,);CH,CH;—H 
NCH,CH4, 


CH,—CH, 


v 


RCH,CH-CCH,CH 3; CH,CH, 
CH, 


The polyethylene produced by radical polymerization is not generally useful unless it 
has a molecular weight of nearly 1,000,000. Very high molecular weight polyethylene can 
be obtained by using a low concentration of the initiator. This initiates the growth of only 
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a few chains and ensures that each chain will have a large excess of the monomer avail- 
able. More initiator may be added as chains terminate during the polymerization, and, in 
this way, new chains are begun. 

Polyethylene has been produced commercially since 1943. It is used in manufacturing 
flexible bottles, films, sheets, and insulation for electric wires. Polyethylene produced by 
radical polymerization has a softening point of about 110°C. 


Polyethylene can be produced in a different way using (see Special Topic B) cata- 
lysts called Ziegler-Natta catalysts that are organometallic complexes of transi- 
tion metals. In this process no radicals are produced, no back biting occurs, and, 
consequently, there is no chain branching. The polyethylene that is produced is of 
higher density, has a higher melting point, and has greater strength. 


Another familiar polymer is polystyrene. The monomer used in making polystyrene is 
phenylethene, a compound commonly known as styrene. 


Cu n 


polymerization » » » 
a ďť” 


Styrene Polystyrene 


Table 10.2 lists several other common chain-growth polymers. Further information on 
each is provided in Special Topic B. 


| TABLE 10.2 ] 132.) Other Common Chain-Growth Polymers 


Monomer Polymer Names 


AN Jú Polypropylene 
Ac AM Poly(vinyl chloride), PVC 


3 


CI 
Zon AM Polyacrylonitrile, Orlon 

CN 
F F ex Poly(tetrafluoroethene), Teflon 
F F БОЈЕ 


Poly(methyl methacrylate), Lucite, 
РА A» Plexiglas, Perspex 
CO2Me CO2Me 


10.10 Radical Polymerization of Alkenes: Chain-Growth Polymers 


Can you suggest an explanation that accounts for the fact that the radical polymerization 
of styrene (CgH5CH — CH») to produce polystyrene occurs in a head-to-tail fashion, 


RN wf “Ss AN 
+ —ә 
СвН5 СеН5 CeHs CeHs 


“Head” “Tail” 
Polystyrene 


rather than the head-to-head manner shown here? 


C6H5 C6H5 
NON а 
+ —ә 
СеН5 CeHs 
“Head” “Head” 


Outline a general method for the synthesis of each of the following polymers by radical 
polymerization. Show the monomers that you would use. 


(a) (b) 


n n 


OCH; OCH; OCH; ет CI CICI CI 


Alkenes also polymerize when they are treated with strong acids. The growing chains 
in acid-catalyzed polymerizations are cations rather than radicals. The following reactions 
illustrate the cationic polymerization of isobutylene: 

+ 
Step 1 imu + BF, === Ја 


| 
|8 


| 


The catalysts used for cationic polymerizations are usually Lewis acids that contain a 
small amount of water. The polymerization of isobutylene illustrates how the catalyst (BF3 
and H2O) functions to produce growing cationic chains. 


Alkenes such as ethene, vinyl chloride, and acrylonitrile do not undergo cationic poly- 
merization very readily. On the other hand, isobutylene undergoes cationic polymerization 
rapidly. Provide an explanation for this behavior. 
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Review Problem 10.17 


Review Problem 10.18 


Review Problems 10.19 
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Alkenes containing electron-withdrawing groups polymerize in the presence of strong 
bases. Acrylonitrile, for example, polymerizes when it is treated with sodium amide 
(NaNHz) in liquid ammonia. The growing chains in this polymerization are anions: 


cS H ме “р 
HN: + у 78 

СМ СМ 
ip CH, CHCN | CHEN нем CY ү еіс. 


CN CN 


Anionic polymerization of acrylonitrile is less important іп commercial production than the 
radical process illustrated in Special Topic B. 


Solved Problem 10.7 


The remarkable adhesive called “superglue” is a result of anionic polymerization. CO.Me 
Superglue is a solution containing methyl cyanoacrylate: 


CN 
Methyl cyanoacrylate 
Methyl cyanoacrylate can be polymerized by anions such as hydroxide ion, but it is even polymerized by traces of water 


found on the surfaces of the two objects being glued together. (These two objects, unfortunately, have often been two 
fingers of the person doing the gluing.) Show how methyl cyanoacrylate would undergo anionic polymerization. 


STRATEGY AND ANSWER 


СЭ CO Me 
а Се 
HO + —> — 


NC CO2Me 
CN 


„соме > CO,Me 


ОО qu 
NC CO;Me GR 


CN m > etc. 


10.11 Other Important Radical Reactions 


Radical mechanisms are important in understanding many other organic reactions. We shall 
see other examples in later chapters, but let us examine a few important radicals and radi- 
cal reactions here: oxygen and superoxide, the combustion of alkanes, DNA cleavage, autox- 
idation, antioxidants, and some reactions of chlorofluoromethanes that have threatened the 
protective layer of ozone in the stratosphere. 


10.11A Molecular Oxygen and Superoxide 


One of the most important radicals (and one that we encounter every moment of our lives) 
is molecular oxygen. Molecular oxygen in the ground state is a diradical with one unpaired 
electron on each oxygen. As a radical, oxygen can abstract hydrogen atoms just like other 
radicals we have seen. This is one way oxygen is involved in combustion reactions (Section 
10.11C) and autoxidation (Section 10.11D). In biological systems, oxygen is an electron 


10.11 Other Important Radical Reactions 


acceptor. When molecular oxygen accepts one electron, it becomes a radical anion called 
superoxide (02 ~). Superoxide is involved in both positive and negative physiological roles: 
The immune system uses superoxide in its defense against pathogens, yet superoxide is also 
suspected of being involved in degenerative disease processes associated with aging and 
oxidative damage to healthy cells. The enzyme superoxide dismutase regulates the level of 
superoxide by catalyzing conversion of superoxide to hydrogen peroxide and molecular oxy- 
gen. Hydrogen peroxide, however, is also harmful because it can produce hydroxyl (HO-) 
radicals. The enzyme catalase helps to prevent release of hydroxyl radicals by converting 
hydrogen peroxide to water and oxygen: 


superoxide dismutase 


20, -2H* 


НО» + Oo 
> 2 Н.О + Oo 


catalase 


10.11B Nitric Oxide 


Nitric oxide, synthesized in the body from the amino acid arginine, serves as a chemical mes- 
senger in a variety of biological processes, including blood pressure regulation and the immune 
response. Its role in relaxation of smooth muscle in vascular tissues is shown in Fig. 10.7. 


Nitric oxide (NO) 


Nitric oxide 
(NO) activates GC 


РЙ 


GC 


GMP 


GC catalyzes cGMP 
formation from GMP 
cGMP 


cGMP causes smooth 


muscle relaxation 
(increasing blood flow) 


Hydrolysis of cGMP allows 
smooth muscle contraction 


COE ue de blood flow) 


cGMP 
ГА РРЕ5 
GMP 


PDES5 is inhibited by Cialis®, 

Levitra&, and Viagra®, prolonging 
smooth muscle relaxation by maintaining 
cGMP concentrations 


Cialis 


10.11C Combustion of Alkanes 


When alkanes react with oxygen (e.g., in oil and gas furnaces and in internal combustion 
engines) a complex series of reactions takes place, ultimately converting the alkane to car- 
bon dioxide and water. Although our understanding of the detailed mechanism of combus- 
tion is incomplete, we do know that the important reactions occur by radical chain mechanisms 
with chain-initiating and chain-propagating steps such as the following reactions: 


RH + O, —> В: + -OOH 
R: + O —> R—OO- 
R—OO- + R—H —> R—OOH + R 


Initiating 


|| Propagating 


The 1998 Nobel Prize in 
Physiology or Medicine 


N was awarded to R. Е 


Furchgott, L. J. Ignarro, and F. 
Murad for their discovery that NO 
is an important signaling molecule. 


Figure 10.7 Nitric oxide (NO) 
activates guanylate cyclase (GC), 
leading to production of cyclic 
guanosine monophosphate 
(cGMP). cGMP signals processes 
that cause smooth muscle 
relaxation, ultimately resulting in 
increased blood flow to certain 
tissues. Phosphodiesterase V 
(PDE5) degrades cGMP, leading 
to smooth muscle contraction 
and a reduction of blood flow. 
Cialis, Levitra, and Viagra take 
their effect by inhibiting PDE5, 
thus maintaining concentrations 
of cGMP and sustaining smooth 
muscle relaxation and tissue 
engorgement. (Reprinted with 
permission from Christianson, 
Accounts of Chemical Research, 
38, p. 197, Figure 6b, 2005. 
Copyright 2005 by American 
Chemical Society.) 
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One product of the second chain-propagating step is R— OOH, called an alkyl hydroper- 
oxide. The oxygen-oxygen bond of an alkyl hydroperoxide is quite weak, and it can break 
and produce radicals that can initiate other chains: 


The beautiful architecture of calicheamicin y4' conceals a 
lethal reactivity. Calicheamicin y4! binds to the minor groove 
of DNA where its unusual enediyne (pronounced en di in) 
moiety reacts to form a highly effective device for slicing the 
backbone of DNA. A model of calicheamicin bound to DNA 
is shown below, along with its structural formula. 
Calicheamicin y4! and its analogs are of great clinical inter- 
est because they are extraordinarily deadly for cancer cells, 
having been shown to initiate apoptosis (programmed cell 
death). Indeed, research on calicheamicin has since led to 
development of the drug Mylotarg, now used to treat some 
cases of acute mylogenous leukemia. Mylotarg carries two 
calicheamicin "warheads" on an antibody that delivers it 
specifically to the cancerous cells. In nature, bacteria called 
Micromonospora echinospora synthesize calicheamicin yi! 
as part of their normal metabolism, presumably as a chem- 
ical defense against other organisms. The laboratory syn- 
thesis of this complex molecule by the research group of K. 
C. Nicolaou (Scripps Research Institute, University of 
California, San Diego), on the other hand, represents a tour 


Me 
| 
О 
Calicheamicin bound to DNA. Me о OMe 
(PDB ID: 2PIK. Kumar, R. A.; HO 
Ikemoto, N., and Patel, D. J., MeO 
Solution structure of the e OH 


calicheamicin у;!-ОМА complex, 
J. Mol. Biol. 1997, 265, 187.) 
[Calicheamicin y4! structure from 
Chemistry and Biology, 1994, 
1(1). Nicolaou, K.C., Pitsinos, 
E.N., Theodorakis, A., Saimoto, 
H., and Wrasidio, W., Chemistry 
and Biology of the 
Calicheamicins, pp. 25-30. 
Copyright Elsevier 1994. 


RO—OH 


OMe OH 


> ВО. + - OH 


THE CHEMISTRY OF... 


Calicheamicin y4!: A Radical Device for Slicing the Backbone of DNA 


de force achievement in synthetic organic chemistry. 
Synthesis of calicheamicin and analogs, as well as investi- 
gations by many other researchers, has led to fascinating 
insights about its mechanism of action and biological prop- 
erties. 

The DNA-slicing property of calicheamicin y4! arises 
because it acts as a molecular machine for producing car- 
bon radicals. A carbon radical is a highly reactive and unsta- 
ble intermediate that has an unpaired electron. Once 
formed, a carbon radical can become a stable molecule 
again by removing a proton and one electron (i.e., a hydro- 
gen atom) from another molecule. In this way, its unpaired 
electron becomes part of a bonding electron pair. (Other 
paths to achieve this are possible, too). The molecule that 
lost the hydrogen atom, however, becomes a new reactive 
radical intermediate. When the radical weaponry of each 
calicheamicin y4! is activated, it removes a hydrogen atom 
from the backbone of DNA. This leaves the DNA molecule 
as an unstable radical intermediate which, in turn, results in 
double-strand cleavage of the DNA and cell death. 


H O 
м 07—97 


Calicheamicin у! 


10.11 Other Important Radical Reactions 
о ји о паши 


(1) nucleophilic 
анаск 


(2) conjugate 


addition 

S ^ Sugar 

X 

P 

Mes Nu 
Calicheamicin y,' 
О Tum о 
DNA 
DNA 
diradical 
S i: Sugar S 


O, DNA double- 
strand cleavage 


Bergman 
cyclo- 

aromatization 

L; 


N Sugar 


In Problem 10.29 and in "The Chemistry of ... reactions that remodel its structure into a machine for pro- 


Calicheamicin y4! Activation for Cleavage of DNA” box in ducing radicals. 
Chapter 17, we shall revisit calicheamicin y4! to consider the 


10.11D Autoxidation 


Linoleic acid is an example of a polyunsaturated fatty acid, the kind of polyunsaturated 
acid that occurs as an ester in polyunsaturated fats (Section 7.13, “The Chemistry of . . . 
Hydrogenation in the Food Industry,” and Chapter 23). By polyunsaturated, we mean that 
the compound contains two or more double bonds: 


POPOL а LL 
Linoleic acid 
(as an ester) 


Polyunsaturated fats occur widely in the fats and oils that are components of our diets. They 
are also widespread in the tissues of the body where they perform numerous vital functions. 

The hydrogen atoms of the — СН — group located between the two double bonds of 
linoleic ester (Lin—H) are especially susceptible to abstraction by radicals (we shall see 
why in Chapter 13). Abstraction of one of these hydrogen atoms produces a new radical 
(Lin-) that can react with oxygen in a chain reaction that belongs to a general type of reac- 
tion called autoxidation (Fig. 10.8). The result of autoxidation is the formation of a 
hydroperoxide. Autoxidation is a process that occurs in many substances; for example, 
autoxidation is responsible for the development of the rancidity that occurs when fats and 
oils spoil and for the spontaneous combustion of oily rags left open to the air. Autoxidation 
also occurs in the body, and here it may cause irreversible damage. 
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Chain Initiation 
Step 1 


Figure 10.8 Autoxidation of a 
linoleic acid ester. In step 1 the 
reaction is initiated by the 


attack of a radical on one of the Chain Propagation 


hydrogen atoms of the — Step 2 
CH2— group between the two 

double bonds; this hydrogen А 
abstraction produces a radical 0—0 еу 


that is a resonance hybrid. In D ~ 
step 2 this radical reacts with 
oxygen in the first of two chain- 
propagating steps to produce 
an oxygen-containing radical, 
which in step 3 can abstract a 
hydrogen from another 
molecule of the linoleic ester 
(Lin Н). The result of this 
second chain-propagating step 
is the formation of a 
hydroperoxide and a radical 
(Lin-) that can bring about a 
repetition of step 2. 


Step 3 


ur a O—0: 


Autoxidation is inhibited when compounds called antioxi- 
dants are present that can rapidly "trap" peroxyl radicals by 
reacting with them to give stabilized radicals that do not 
continue the chain. 

Vitamin E (a-tocopherol) is capable of acting as a radical 
trap, and one of the important roles that vitamin E plays in 


c» 
— 


OH 


Vitamin E is found in 
vegetable oils. 


BHT 
(butylated hydroxytoluene) 


a Np ork 


4 
Hydrogen abstraction from 
another molecule of 
the linoleic ester 


HO OH 
Vitamin C 
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COR’ 


7 4 7 
A hydroperoxide 
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Antioxidants 


the body may be in inhibiting radical reactions that could 
cause cell damage. Vitamin C is also an antioxidant, 
although recent work indicates that supplements over 500 
mg per day may have prooxidant effects. Compounds such 
as BHT are added to foods to prevent autoxidation. BHT is 
also known to trap radicals. 


Vitamin E 
(a-tocopherol) 


Vitamin C is found in citrus fruits. 
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Ozone Depletion and Chlorofluorocarbons (CFCs) 


In the stratosphere at altitudes of about 25 km, very high- 
energy (very short wavelength) UV light converts diatomic 
oxygen (Og) into ozone (Оз). The reactions that take place 
may be represented as follows: 


Step 1 Oo + hy—>0+0 
Step 2 О + Oo + M — Оз + M + heat 


where M is some other particle that can absorb some of the 
energy released in the second step. 

The ozone produced in step 2 can also interact with high- 
energy UV light in the following way: 


Step 3 Оз + hv —> O; + О + heat 


The oxygen atom formed in step 3 can cause a repetition 
of step 2, and so forth. The net result of these steps is to 
convert highly energetic UV light into heat. This is impor- 
tant because the existence of this cycle shields Earth from 
radiation that is destructive to living organisms. This shield 
makes life possible on Earth’s surface. Even a relatively 
small increase in high-energy UV radiation at Earth’s surface 
would cause a large increase in the incidence of skin 
cancers. 

Production of chlorofluoromethanes (and of chlorofluo- 
roethanes) called chlorofluorocarbons (CFCs) or freons 
began in 1930. These compounds have been used as 
refrigerants, solvents, and propellants in aerosol cans. 


annually. Most freon, even that used in refrigeration, 

eventually makes its way into the atmosphere where it 
diffuses unchanged into the stratosphere. In June 1974 F. S. 
Rowland and M. J. Molina published an article indicating, for the first 
time, that in the stratosphere freon is able to initiate radical chain 
reactions that can upset the natural ozone balance. The 1995 Nobel 
Prize in Chemistry was awarded to P. J. Crutzen, M. J. Molina, and F. 
S. Rowland for their combined work in this area. The reactions that 
take place are the following. (Freon-12 is used as an example.) 


M By 1974 world freon production was about 2 billion pounds 


Typical freons are trichlorofluoromethane, CFClg (called 
Freon-11), and dichlorodifluoromethane, CFaCle (called 
Freon-12). 


Chain Initiation 
Step 1 CFoClo + hv —> СРС! + CI. 


Chain Propagation 
Step 2. СІ. + Оз —> CIO. + Op 
Step 3 ClO. + О —> O; + CI 


In the chain-initiating step, UV light causes homolytic cleav- 
age of опе C—Cl bond of the freon. The chlorine atom 
thus produced is the real villain; it can set off a chain reac- 
tion that destroys thousands of molecules of ozone before 
it diffuses out of the stratosphere or reacts with some other 
substance. 

In 1975 a study by the National Academy of Sciences 
supported the predictions of Rowland and Molina, and since 
January 1978 the use of freons in aerosol cans in the United 
States has been banned. 

In 1985 a hole was discovered in the ozone layer above 
Antarctica. Studies done since then strongly suggest that 
chlorine atom destruction of the ozone is a factor in the for- 
mation of the hole. This ozone hole has continued to grow 
in size, and such a hole has also been discovered in the 
Arctic ozone layer. Should the ozone layer be depleted, 
more of the sun's damaging rays would penetrate to the sur- 
face of Earth. 

Recognizing the global nature of the problem, the 
“Montreal Protocol” was initiated in 1987. This treaty required 
the signing nations to reduce their production and consump- 
tion of chlorofluorocarbons. Accordingly, the industrialized 
nations of the world ceased production of chlorofluorocarbons 
as of 1996, and over 120 nations have signed the Montreal 
Protocol. Increased worldwide understanding of stratospheric 
ozone depletion, in general, has accelerated the phasing out 
of chlorofluorocarbons. 
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Key Terms and Concepts 


ATE The key terms and concepts that are highlighted in bold, blue text within the chapter are 
PLUS defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


Pius Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 


10.20 


10.21 


10.22 


10.23 


10.24 


teaching and learning solution. 


RADICAL MECHANISMS AND PROPERTIES 


Write a mechanism for the following radical halogenation reaction. 


Br, Br 
hv 


Explain the relative distribution of products below using reaction energy diagrams for the hydrogen abstraction 
step that leads to each product. (The rate-determining step in radical halogenation is the hydrogen abstraction step.) 
In energy diagrams for the two pathways, show the relative energies of the transition states and of the alkyl radi- 
cal intermediate that results in each case. 


Br, 
ho + Br 
Br 


(92%) (8%) 


Which of the following compounds can be prepared by radical halogenation with little complication by formation 
of isomeric by-products? 


Gua d. Any е Dow 


The radical reaction of propane with chlorine yields (in addition to more highly halogenated compounds) 1-chloro- 
propane and 2-chloropropane. 


PIE p ee Gl 
Write chain-initiating and chain-propagating steps showing how each of the products above is formed. 


In addition to more highly chlorinated products, chlorination of butane yields a mixture of compounds with the 
formula C4HgCI. 


| 
AN => сања 


(multiple 
isomers) 
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(a) Taking stereochemistry into account, how many different isomers with the formula C4HgCl would you expect? 


Problems 


(b) If the mixture of C,4HgCl isomers were subjected to fractional distillation (or gas chromatography), how many 
fractions (or peaks) would you expect? 


(c) Which fractions would be optically inactive? 
(d) Which fractions could theoretically be resolved into enantiomers? 


(e) Predict features in the 1H and 13C DEPT NMR spectra for each that would differentiate among the isomers 
separated by distillation or GC. 


(f) How could fragmentation in their mass spectra be used to differentiate the isomers? 


Chlorination of (R)-2-chlorobutane yields a mixture of dichloro isomers. 


Cl 
pe cl 
“he” C4HgClo 


(multiple 

isomers) 
(a) Taking into account stereochemistry, how many different isomers would you expect? Write their structures. 
(b) How many fractions would be obtained upon fractional distillation? 


(c) Which of these fractions would be optically active? 


Peroxides are often used to initiate radical chain reactions such as in the following radical halogenation. 


Br 
Вг, 
LL ew 
Ма 


(Di-tert-butyl 
peroxide) 


(a) Using bond dissociation energies in Table 10.1, explain why peroxides are especially effective as radical 
initiators. 


(b) Write a mechanism for the reaction above showing how it could be initiated by di-tert-butyl peroxide. 


List in order of decreasing stability all of the radicals that can be obtained by abstraction of a hydrogen atom from 
2-methylbutane. 


The relative stability of a series of primary, secondary, and tertiary alkyl radicals can be compared using R— СНз car- 
bon-carbon bond dissociation energies instead of R—H bond dissociation energies (the method used in Section 10.2B). 
Bond dissociation energies (DH?) needed to make such a comparison for various R— СНз species can be calculated 
from values for the heat of formation (Hy) of radicals R-, СНз:, and the molecule R— СНз using the following equa- 
tion: DH°[R—R’] = H,{R-] + HACH] — HiR—CH;]. Using the data below, calculate the R— CH3 bond disso- 
ciation energies for the examples given, and from your results compare the relative stabilities of the respective primary, 
secondary, and tertiary radicals in this series. 


Chemical Species Hp (Heat of Formation, kJ тој“ !) 
CH3CHsCH,CHs—CH3 —146.8 
CH3CHsCH(CH3)—CH3 —153.7 

(CH3)5C — CH3 —167.9 
CH3CHsCHsCH>: 80.9 
CH3CH2CH(CH3)- 69 

(СНз)зС: 48 


СНз: 147 
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10.29 Draw mechanism arrows to show electron movements in the Bergman cycloaromatization reaction that leads to the 


10.30 


10.31 


10.32 


10.33 


diradical believed responsible for the DNA-cleaving action of the antitumor agent calicheamicin (see “The Chemistry 
of ... Calicheamicin" in Section 10.11C). 


o  COMe o  CO,Me o _ Соме 
МН; NH 


Bergman 
cyclo- DNA 
aromatization | НО, 
— 
DNA 
~ diradical N 
S Sugar S Sugar 


O, DNA double- 
strand cleavage 


Find examples of C—H bond dissociation energies in Table 10.1 that are as closely related as possible to the bonds 
to Ha, Hp, and He in the molecule at right. Use these values to answer the questions below. Hp 


(a) What can you conclude about the relative ease of radical halogenation at Ha? H H 
(b) Comparing Hp and He, which would more readily undergo substitution by radical i а 
halogenation? 


Write a radical chain mechanism for the following reaction (a reaction called the Hunsdiecker reaction). 


О 
„Вг Вг 
O 
o Р CY -— 


SYNTHESIS 


Starting with the compound or compounds indicated in each part and using any other needed reagents, outline syn- 
theses of each of the following compounds. (You need not repeat steps carried out in earlier parts of this problem.) 


(a) CHCH — ~~ 
(b CHCH —> xy ~ 


OH 
(B CHCH — ^^ Ns 
eL 7? ди 
Вг 


Provide the reagents necessary for the following synthetic transformations. More than one step may be required. 


(a) EN M Br 


Br 
“= 
NS NU Br 


i EM Ss ZH S С) mi o 


(d) == 


(е) СНА + HC==CH > === 


LOCH, 
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Challenge Problems 


Challenge Problems 


The following reaction is the first step in the industrial synthesis of acetone and phenol (CgH5OH). AIBN 
(2,2'-azobisisobutyronitrile) initiates radical reactions by breaking down to form two isobutyronitrile radicals and 
nitrogen gas. Using an isobutyronitrile radical to initiate the reaction, write a mechanism for the following process. 


OH 
/ 
О СМ 


pu 
О AIBN а“ ү 


AIBN 


In the radical chlorination of 2,2-dimethylhexane, chlorine substitution occurs much more rapidly at C5 than it does 
at a typical secondary carbon (e.g., C2 in butane). Consider the mechanism of radical polymerization and then sug- 
gest an explanation for the enhanced rate of substitution at C5 in 2,2-dimethylhexane. 


Write a mechanism for the following reaction. 


H 
(PhCO,),, heat 
——— —ÀÁ + CO 
O 


Hydrogen peroxide and ferrous sulfate react to produce hydroxyl radical (HO-), as reported in 1894 by English 
chemist H. J. H. Fenton. When tert-butyl alcohol is treated with НО. generated this way, it affords a crystalline 
reaction product X, mp 92°, which has these spectral properties: 


MS: heaviest mass peak is at m/z 131 

IR: 3620, 3350 (broad), 2980, 2940, 1385, 1370 cm! 

1H NMR: sharp singlets at 6 1.22, 1.58, and 2.95 (6:2:1 area ratio) 
13C NMR: 6 28 (CH3), 35 (CH2), 68 (C) 


Draw the structure of X and write a mechanism for its formation. 


The halogen atom of an alkyl halide can be replaced by the hydrogen atom bonded to tin in tributyltin 
hydride (Bu3SnH). The process, called dehalogenation, is a radical reaction, and it can be initiated by AIBN 
(2,2'-azobisisobutyronitrile). AIBN decomposes to form nitrogen gas and two isobutyronitrile radicals, which ini- 
tiate the reaction. Write a mechanism for the reaction. 


| CN 
С + BusSnH “SN, AN 
CN 


AIBN 


Write a mechanism that accounts for the following reaction. Note that the hydrogen atom bonded to tin in trib- 
utyltin hydride is readily transferred in radical mechanisms. 


PhCO,),, Bu,SnH 
OE а Uf. BE EEE BuSo Je» BujSn Be D NU OS 


(Major) 


Molecular orbital calculations can be used to model the location of electron density from unpaired electrons in 
a radical. Open the molecular models on the book’s website for the methyl, ethyl, and tert-butyl radicals. The 
gray wire mesh surfaces in these models represent volumes enclosing electron density from unpaired electrons. 
What do you notice about the distribution of unpaired electron density in the ethyl radical and tert-butyl radi- 
cal, as compared to the methyl radical? What bearing does this have on the relative stabilities of the radicals in 
this series? 
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If one were to try to draw the simplest Lewis structure for molecular oxygen, the result might be the following 
(oc). However, it is known from the properties of molecular oxygen and experiments that Oo contains two 


unpaired electrons, and therefore, the Lewis structure above is incorrect. To understand the structure of Oe, it is 
necessary to employ a molecular orbital representation. To do so, we will need to recall (1) the shapes of bonding 
and antibonding с and 7 molecular orbitals, (2) that each orbital can contain a maximum of two electrons, (3) that 
molecular oxygen has 16 electrons in total, and (4) that the two unpaired electrons in oxygen occupy separate degen- 
erate (equal-energy) orbitals. Now, open the molecular model on the book's website for oxygen and examine its 
molecular orbitals in sequence from the HOMO-7 orbital to the LUMO. [HOMO-7 means the seventh orbital in 
energy below the highest occupied molecular orbital (HOMO), HOMO-6 means the sixth below the HOMO, and 
so forth.] Orbitals HOMO-7 through HOMO-4 represent the o1s, o 15*, 02s, and с25* orbitals, respectively, each 
containing a pair of electrons. 


(a) What type of orbital is represented by HOMO-3 and HOMO-2? [Hint: What types of orbitals are possible for 
second-row elements like oxygen, and which orbitals have already been used?] 

(b) What type of orbital is HOMO-1? [Hint: The с25 and с25* orbitals are already filled, as are the HOMO-3 and 
HOMO-2 orbitals identified in part (b). What bonding orbital remains?] 


(c) The orbitals designated HOMO and LUMO in O; have the same energy (they are degenerate), and each con- 
tains one of the unpaired electrons of the oxygen molecule. What type of orbitals are these? 


Learning Group Problems 


1. 


(a) Draw structures for all organic products that would result when an excess of cis-1,3-dimethylcyclohexane 
reacts with Bro in the presence of heat and light. Use three-dimensional formulas to show stereochemistry. 


(b) Draw structures for all organic products that would result when an excess of cis-1,3-dimethylcyclohexane 
reacts with Cla in the presence of heat and light. Use three-dimensional formulas to show stereochemistry. 


(c) As an alternative, use cis-1,2-dimethylcyclohexane to answer parts (a) and (b) above. 


(a) Propose a synthesis of 2-methoxypropene starting with propane and methane as the sole source for carbon 
atoms. You may use any other reagents necessary. Devise a retrosynthetic analysis first. 


(b) 2-Methoxypropene will form a polymer when treated with a radical initiator. Write the structure of this 
polymer and a mechanism for the polymerization reaction assuming a radical mechanism initiated by a dia- 
cyl peroxide. 
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Synthesis and Reactions 


The flavors and scents of nature include many examples of alcohols and ethers. Menthol, found in peppermint 
oil, is an alcohol used both for flavoring and for medicinal purposes. Vanillin, isolated from vanilla beans, con- 
tains an ether functional group, as does anethole, the licorice flavor associated with fennel. Ethanol, the alco- 
hol produced by fermentation, is, of course, another flavor of nature. Borneol, which can be isolated from 
artemesia, is an alcohol with a fascinating molecular architecture. And eucalyptol, which shares the ending of 
its name with other alcohols but is actually an ether, comes from eucalyptus leaves (shown in the left photo above) 
and is used as a flavoring, scent, and medicinal agent. Nature is an abundant source of alcohols and ethers, 


Alcohols and Ethers 


and we study the chemistry of these important functional groups in this chapter. 


О 
H3CO. KL 
H 
Cu 
HO 


jon 


(2 -Menthol 
(from peppermint) 


CH,CH,OH 


Ethanol 
(from fermentation) 
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Vanillin 
(from vanilla beans) 


OH 


Borneol 
(from artemesia) 


Anethole 
(from fennel) 


Eucalyptol 
(from eucalyptus) 
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11.1 Structure and Nomenclature 


11.1 Structure and Nomenclature 


Alcohols have a hydroxyl (— ОН) group bonded to a saturated carbon atom. The alcohol 
carbon atom may be part of a simple alkyl group, as in some of the following examples, 
or it may be part of a more complex molecule, such as cholesterol. 


он E^ Aon 


CH,OH 
Methanol Ethanol 2-Propanol 2-Methyl-2-propanol 
(methyl alcohol) (ethyl alcohol), (isopropyl alcohol), (tert-butyl alcohol), 
a 1? alcohol a 2? alcohol a 3? alcohol 


Cholesterol 


The alcohol carbon atom may also be a saturated carbon atom of an alkenyl or alkynyl group, 
or the carbon atom may be a saturated carbon atom that is attached to a benzene ring: 


pu. OH cr 


Benzyl alcohol 


2-Propenol 2-Propynol 
(or prop-2-en-1-ol, (or prop-2-yn-1-ol, (a benzylic alcohol) 
or allyl alcohol), or propargyl alcohol) 


an allylic alcohol 


Compounds that have a hydroxyl group attached directly to a benzene ring are called 
phenols. (Phenols are discussed in detail in Chapter 21.) 


( \-on њо-( Уон Ar—OH 


Phenol p-Methylphenol, General formula 
a substituted phenol for a phenol 


Ethers differ from alcohols in that the oxygen atom of an ether is bonded to two carbon 
atoms. The hydrocarbon groups may be alkyl, alkenyl, vinyl, alkynyl, or aryl. Several exam- 


ples are shown here: 


OCH 
a e АБД 3 PM Z^ ( \ ocn, 


Diethyl ether Allyl methyl ether tert-Butyl methyl ether Divinyl ether Methyl phenyl ether 


11.1A Nomenclature of Alcohols 
We studied the IUPAC system of nomenclature for alcohols in Sections 2.6 and 4.3F. As a 


review consider the following problem. 
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Solved Problem 11.1 


Give IUPAC substitutive names for the following alcohols: 


(a) a (b) (c) = 


ANSWER The longest chain 10 which the hydroxyl group is attached gives us the base name. The ending is -01. 
We then number the longest chain from the end that gives the carbon bearing the hydroxyl group the lower num- 
ber. Thus, the names, in both of the accepted IUPAC formats, are 


(a) 5 3 1 (b) 1 3 5 (c) 1 3 5 


OH CgHs OH 


2,4-Dimethyl-1-pentanol 


(or 2,4-dimethylpentan-1-ol) 4-Phenyl-2-pentanol 4-Penten-2-ol 


(or 4-phenylpentan-2-ol) (or pent-4-en-2-ol) 


The hydroxyl group has precedence over double bonds and triple bonds in deciding 
which functional group to name as the suffix [see example (c) above]. 

In common functional class nomenclature (Section 2.6) alcohols are called alkyl alco- 
hols such as methyl alcohol, ethyl alcohol, and so on. 


Review Problem 11.1 What is wrong with the use of such names as “isopropanol” and “tert-butanol”? 


11.18 Nomenclature of Ethers 


Simple ethers are frequently given common functional class names. One simply lists (in alpha- 
betical order) both groups that are attached to the oxygen atom and adds the word ether: 


bcc 507 ~ P 
Ethyl methyl ether Diethyl ether — tert-Butyl phenyl ether 


IUPAC substitutive names should be used for complicated ethers, however, and for com- 
pounds with more than one ether linkage. In this IUPAC style, ethers are named as 
alkoxyalkanes, alkoxyalkenes, and alkoxyarenes. The RO— group is an alkoxy group. 


O 
М 
Беи оон 
осн H3CO 
3 Нас 


2-Methoxypentane 1-Ethoxy-4-methylbenzene 1,2-Dimethoxyethane (DME) 


Cyclic ethers can be named in several ways. One simple way is to use replacement 
nomenclature, in which we relate the cyclic ether to the corresponding hydrocarbon ring 
system and use the prefix oxa- to indicate that an oxygen atom replaces a СН group. In 
another system, a cyclic three-membered ether is named oxirane and a four-membered ether 
is called oxetane. Several simple cyclic ethers also have common names; in the examples 
below, these common names are given in parentheses. Tetrahydrofuran (THF) and 1,4- 
dioxane are useful solvents: 
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O 
£ | - О 
Oxacyclopropane Oxacyclobutane Oxacyclopentane 1,4-Dioxacyclohexane 


or oxirane or oxetane (tetrahydrofuran or THF) (1,4-dioxane) 
(ethylene oxide) 


O 
~ dx 
n 
Polyethylene oxide (PEO) ae . 
(a water-soluble polymer made Polyethylene oxide is used in 
from ethylene oxide) some skin creams. 


Ethylene oxide is the starting material for polyethylene oxide (PEO, also called poly- 
ethylene glycol, PEG). Polyethylene oxide has many practical uses, including covalent 
attachment to therapeutic proteins such as interferon, a use that has been found to increase 
the circulatory lifetime of the drug. PEO is also used in some skin creams, and as a laxa- 
tive prior to digestive tract procedures. 


Solved Problem 11.2 


Albuterol (used in some commonly prescribed respiratory medications) and 
vanillin (from vanilla beans) each contain several functional groups. Name the 
functional groups in albuterol and vanillin and, if appropriate for a given group, 
classify them as primary (1?), secondary (2?), or tertiary (3?). 


OH О 
E H 
: М H3CO 
ve H 
HO HO 
PR Albuterol is used in some 
Albuterol 7 Vanillin respiratory medications. 
(an asthma medication) (from vanilla beans) 


STRATEGY AND ANSWER Albuterol has the following functional groups: 1° alcohol, 2° alcohol, phenol, and 
2° amine. Vanillin has aldehyde, ether, and phenol functional groups. See Chapter 2 for a review of how to classify 
alcohol and amine functional groups as 1°, 2°, or 3°. 


Give bond-line formulas and appropriate names for all of the alcohols and ethers with the Review Problem 11.2 
formulas (а) C3HgO and (b) C4H490O. 


11.2 Physical Properties of Alcohols and Ethers 


The physical properties of a number of alcohols and ethers are given in Tables 11.1 and 11.2. 


€ Ethers have boiling points that are roughly comparable with those of hydrocarbons 
of the same molecular weight (MW). 


For example, the boiling point of diethyl ether (MW = 74) is 34.6?C; that of pentane 
(MW = 72) is 36°C. 
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€ Alcohols have much higher boiling points than comparable ethers or hydrocarbons. 


— The boiling point of butyl alcohol (MW = 74) is 117.7°C. We learned the reason for this 
behavior in Section 2.13C. 


€ Alcohol molecules can associate with each other through hydrogen bonding, 
whereas those of ethers and hydrocarbons cannot. 


H CH; 


Hydrogen bonding between 
molecules of methanol 


Propylene glycol (1,2-propanediol) 
is used as an environmentally 


friendly engine:coolant because Ethers, however, are able to form hydrogen bonds with compounds such as water. Ethers, 
it is biodegradable, has a high 


boiling point, and is miscible therefore, have solubilities in water that are similar to those of alcohols of the same mole- 
with water. cular weight and that are very different from those of hydrocarbons. 
Diethyl ether and 1-butanol, for example, have the same solubility in water, approximately 
8 g per 100 mL at room temperature. Pentane, by contrast, is virtually insoluble in water. 
Methanol, ethanol, both propyl alcohols, and tert-butyl alcohol are completely miscible 
with water (Table 11.1). The remaining butyl alcohols have solubilities in water between 
8.3 and 26.0 g per 100 mL. The solubility of alcohols in water gradually decreases as the 
hydrocarbon portion of the molecule lengthens; long-chain alcohols are more "alkane-like" 
and are, therefore, less like water. 


Physical Properties of Alcohols 


mp bp (?C) Water Solubility 
Name Formula (°C) (1 atm) (g/100 mL H20) 
Monohydroxy Alcohols 
Methanol CH30H =97 64.7 oo 
Ethanol CH3CH2OH —117 78.3 oo 
Propyl alcohol CH3CH2CH20H —126 97.2 oo 
Isopropyl alcohol CH3CH(OH)CH3 —88 82.3 oo 
Butyl alcohol CH3CH2CH2CH2OH —90 117.7 8.3 
Isobutyl alcohol CH3CH(CH3)CH20H —108 108.0 10.0 
sec-Butyl alcohol CH3CH2CH(OH)CH3 —114 99.5 26.0 
tert-Butyl alcohol (CH3)3COH 25 82.5 oo 
Pentyl alcohol CH3(CH2)3CH2OH —78.5 138.0 2.4 
Hexyl alcohol CH3(CH2)4CH2OH —52 156.5 0.6 
Heptyl alcohol CH3(CH2)sCH20H —34 176 0.2 
Octyl alcohol CH3(CHs)gCH2OH —15 195 0.05 
Cyclopentanol Oo =19 140 
Cyclohexanol (oH 24 161.5 3.6 
Benzyl alcohol CgH5CH2OH –15 205 4 
Diols and Triols 
Ethylene glycol CHsOHCH20H —12.6 197 oo 
Propylene glycol CH3CHOHCH20H —59 187 oo 
Trimethylene glycol CH2OHCH2CH2OH —30 215 оо 
Glycerol CH», OHCHOHCH20H 18 290 oo 
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| Tase 11.2 | Physical Properties of Ethers 


mp bp (°C) 
Name Formula (*C) (1 atm) 
Dimethyl ether CH30CH3 — 138 —24.9 
Ethyl methyl ether CH30CH2CH3 10.8 
Diethyl ether CH3CH2sO0CH2CH3 —116 34.6 
Dipropyl ether (CH3CH2CH2)20 —122 90.5 
Diisopropyl ether (CH3);/CHOCH(CH3)2 —86 68 
Dibutyl ether (CH3CH5CH5CH5)20 —97.9 141 
1,2-Dimethoxyethane (DME) CH30CH2CH20CH3 —68 83 
Oxirane O —112 12 
Tetrahydrofuran (THF) ( у —108 65.4 
О 
1,4-Dioxane О О 11 101 
\_/ 


Solved Problem 11.3 


1,2-Propanediol (propylene glycol) and 1,3-propanediol (trimethylene glycol) have higher boiling points than any 
of the butyl alcohols (see Table 11.1), even though they all have roughly the same molecular weight. Propose an 
explanation. 


STRATEGY AND ANSWER The presence of two hydroxyl groups in each of the diols allows their molecules to 
form more hydrogen bonds than the butyl alcohols. Greater hydrogen-bond formation means that the molecules of 
1,2-propanediol and 1,3-propanediol are more highly associated and, consequently, their boiling points are higher. 


11.3 Important Alcohols and Ethers 


11.3A Methanol 


At one time, most methanol was produced by the destructive distillation of wood (i.e., heat- 
ing wood to a high temperature in the absence of air). It was because of this method of 
preparation that methanol came to be called “wood alcohol.” Today, most methanol is pre- 
pared by the catalytic hydrogenation of carbon monoxide. This reaction takes place under 
high pressure and at a temperature of 300-400?C: 

300—400*C 


200-300 atm 
ZnO-Cr;O; 


CO + 2H, CHOH 


Methanol is highly toxic. Ingestion of even small quantities of methanol can cause blind- 
ness; large quantities cause death. Methanol poisoning can also occur by inhalation of the 
vapors or by prolonged exposure to the skin. 


11.3B Ethanol 


Ethanol can be made by the fermentation of sugars, and it is the alcohol of all alcoholic 
beverages. The synthesis of ethanol in the form of wine by the fermentation of the sug- 
ars of fruit juices was probably our first accomplishment in the field of organic synthesis. 
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Vineyard grapes for use in 
fermentation. 


СеН,О5 


= 4 HO 
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Sugars from a wide variety of sources can be used in the preparation of alcoholic bever- 
ages. Often, these sugars are from grains, and it is this derivation that accounts for ethanol 
having the synonym “grain alcohol.” 

Fermentation is usually carried out by adding yeast to a mixture of sugars and water. 
Yeast contains enzymes that promote a long series of reactions that ultimately convert a 
simple sugar (CgH;20g¢) to ethanol and carbon dioxide: 


Уба »CH,CH,OH + 2CO, 


(~95% yield) 


Fermentation alone does not produce beverages with an ethanol content greater than 
12-15% because the enzymes of the yeast are deactivated at higher concentrations. To pro- 
duce beverages of higher alcohol content, the aqueous solution must be distilled. 

Ethanol is an important industrial chemical. Most ethanol for industrial purposes is pro- 
duced by the acid-catalyzed hydration of ethene: 


acid ан 


About 5% of the world's ethanol supply is produced this way. 
Ethanol is a /typnotic (sleep producer). It depresses activity in the upper brain even though 
it gives the illusion of being a stimulant. Ethanol is also toxic, but it is much less toxic than 


methanol. In rats the lethal dose of ethanol is 13.7 g kg 


Ethanol is said to be a renewable energy source because it 
can be made by fermentation of grains and other agricul- 
tural sources such as switchgrass and sugarcane. The crops 
themselves grow, of course, by converting light energy from 
the sun to chemical energy through photosynthesis. Once 
obtained, the ethanol can be combined with gasoline in 
varying proportions and used in internal combustion 
engines. During the year 2007, the United States led the 
world in ethanol production with 6.5 billion U.S. gallons, fol- 
lowed closely by Brazil with 5 billion gallons. 

When used as a replacement for gasoline, ethanol has a 
lower energy content, by about 34% per unit volume. This, 
and other factors, such as costs in energy required to pro- 
duce the agricultural feedstock, especially corn, have cre- 
ated doubts about the wisdom of an ethanol-based program 
as a renewable energy source. Production of ethanol from 
corn is 5 to 6 times less efficient than producing it from sug- 


71 of body weight. 


THE CHEMISTRY OF... 


Ethanol as a Biofuel 


arcane, and it also diverts production of a food crop into an 
energy source. World food shortages may be a result. 


11.3C Ethylene and Propylene Glycols 


Ethylene glycol (HOCH3CH2OH) has а low molecular weight, a high boiling point, and 
is miscible with water. These properties made ethylene glycol a good automobile 
antifreeze. Unfortunately, however, ethylene glycol is toxic. Propylene glycol (1.2- 
propanediol) is now widely used as a low-toxicity, environmentally friendly alternative to 


ethylene glycol. 


11.4 Synthesis of Alcohols from Alkenes 


11.3D Diethyl Ether 


Diethyl ether is a very low boiling, highly flammable liquid. Care should always be taken 
when diethyl ether is used in the laboratory, because open flames or sparks from light 
switches can cause explosive combustion of mixtures of diethyl ether and air. 

Most ethers react slowly with oxygen by a radical process called autoxidation (see 
Section 10.11D) to form hydroperoxides and peroxides: 


Stepl -O—O% + —C—OR' —> -O—O—H + E 


OR' Qo: 
А 
Step 2 n + O, —> T 
E: E a 
of 
Step 3a с OR' 4 0 OR' > —G—OR' ecd 
A hydroperoxide 
or 
| | 
00: ОВ — R'O—C—OO—C—OR' 
; а | | Hydroperoxides and per- 
Step 3b T OR' 4 A. A peroxide oxides can be explosive. 


These hydroperoxides and peroxides, which often accumulate in ethers that have been 
stored for months or longer in contact with air (the air in the top of the bottle is enough), 
are dangerously explosive. They often detonate without warning when ether solutions are 
distilled to near dryness. Since ethers are used frequently in extractions, one should take 
care to test for and decompose any peroxides present in the ether before a distillation is 
carried out. (Consult a laboratory manual for instructions.) 

Diethyl ether was at one time used as a surgical anesthetic. The most popular modern 
anesthetic is halothane (CF3CHBrCl). Unlike diethyl ether, halothane is not flammable. 


R-ó-u / R- Ö-R' 


Hydrogen abstraction 


FC OR' 
) < / adjacent to the ether oxy- 


gen occurs readily. 
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11.4 Synthesis of Alcohols from Alkenes 


We have already studied the acid-catalyzed hydration of alkenes, oxymercuration-demer- 
curation, and hydroboration-oxidation as methods for the synthesis of alcohols from alkenes 
(see Sections 8.5, 8.6, and 8.7, respectively). Below, we briefly summarize these methods. 


1. Acid-Catalyzed Hydration of Alkenes Alkenes add water in the presence of an 
acid catalyst to yield alcohols (Section 8.5). The addition takes place with 
Markovnikov regioselectivity. The reaction is reversible, and the mechanism for the 
acid-catalyzed hydration of an alkene is simply the reverse of that for the dehydra- 
tion of an alcohol (Section 7.7). 


W WE. +H,0 | 
C=C + HA == —C—C + A- == —C——C— + A === 
/ N | +\ -H,O | ms 

H^ ^H 


Alkene 


Alcohol 


510 


Mercury compounds are 
hazardous. Before you carry out a 
reaction involving mercury or its 
compounds, you should familiarize 
yourself with current procedures 
for its use and disposal. 


Helpful Hint 


Oxymercuration-demercuration 
and hydroboration-oxidation have 
complementary regioselectivity. 
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Acid-catalyzed hydration of alkenes has limited synthetic utility, however, because 
the carbocation intermediate may rearrange if a more stable or isoenergetic carboca- 
tion is possible by hydride or alkanide migration. Thus, a mixture of isomeric alco- 
hol products may result. 


2. Oxymercuration-Demercuration Alkenes react with mercuric acetate in a mixture 


of water and tetrahydrofuran (THF) to produce (hydroxyalkyl)mercury compounds. 
These can be reduced to alcohols with sodium borohydride and water (Section 8.6). 


Oxymercuration 
/ _ Hg(OAc)», H,O b _| 
C=C THF > C 0 + AcOH 
HO HgOAc 
Demercuration 
| | NaBH,, он“ | | E 
. i > | 7 t Hg + Асо 
HO HgOAc HO H 


In the oxymercuration step, water and mercuric acetate add to the double bond; in 
the demercuration step, sodium borohydride reduces the acetoxymercury group and 
replaces it with hydrogen. The net addition of H— and —OH takes place with 
Markovnikov regioselectivity and generally takes place without the complica- 
tion of rearrangements, as sometimes occurs with acid-catalyzed hydration of 
alkenes. The overall alkene hydration is not stereoselective because even though the 
oxymercuration step occurs with anti addition, the demercuration step is not stere- 
oselective (radicals are thought to be involved), and hence a mixture of syn and anti 
products results. 


3. Hydroboration-Oxidation An alkene reacts with BHa:THF or diborane to produce 


an alkylborane. Oxidation and hydrolysis of the alkylborane with hydrogen perox- 
ide and base yield an alcohol (Section 8.7). 


Hydroboration 


BH,: THF CH , 
3 CH, = > ? + enantiomer 
Anti-Markovnikov and 
syn addition H 
H B 
R^ ^R 


R = 2-methylcyclopentyl 


Oxidation 


retention of 
configuration 


CH,  њо,„но- CH, + enantiomer 
ss > 3 
—OH replaces 
H boron with H 
B OH 

R^ ^R 
In the first step, boron and hydrogen undergo syn addition to the alkene; in the second 
step, treatment with hydrogen peroxide and base replaces the boron with — OH with 
retention of configuration. The net addition of —H and —OH occurs with anti- 


Markovnikov regioselectivity and syn stereoselectivity. Hydroboration-oxidation, there- 
fore, serves as a useful regiochemical complement to oxymercuration-demercuration. 
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Solved Problem 11.4 


What conditions would you use for each reaction? 


Lee 
po 


STRATEGY AND ANSWER We recognize that synthesis by path (a) would require a Markovnikov addition of water 
to the alkene. So, we could use either acid-catalyzed hydration or oxymercuration-demercuration. 


ee /H20 Markovnikov addition 
A (Gne of H— and —OH 
g(OAc 

DOES сне 


Synthesis by path (b) requires an anti-Markovnikov addition, so we would choose hydroboration-oxidation. 


(1) СОЗО ЕТ ЛЕЕ anti-Markovnikov 
поњо„он ^ H505, OH HO addition of H— and —OH 


Predict the major products of the following reactions Review Problem 11.3 
(a) cat. H,SO, 

Pct њо 
(b) (1) BH, : THF 


——————À 
Ра d (2) Н,О,, NaOH 


(c) (1) На(ОАс);, ЊО/ТНЕ 
(2) NaBH, > 
The following reaction does not produce the product shown. Review Problem 11.4 


cat. 80, 
pa но 
OH 


(a) Predict the major product from the conditions shown above, and write a detailed mech- 
anism for its formation. 


(b) What reaction conditions would you use to successfully synthesize the product shown 
above (3,3-dimethyl-2-butanol). 


11.5 Reactions of Alcohols 


The reactions of alcohols have mainly to do with the following: 
@ The oxygen atom of the hydroxyl group is nucleophilic and weakly basic. 
@ The hydrogen atom of the hydroxyl group is weakly acidic. 


@ The hydroxyl group can be converted to a leaving group so as to allow substitution 
or elimination reactions. 
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Our understanding of the reactions of alcohols will be aided by an initial examination 
of the electron distribution in the alcohol functional group and of how this distribution affects 
its reactivity. The oxygen atom of an alcohol polarizes both the C—O bond and the 
O—4H bond of an alcohol: 


NA 
NS C UR 
4+ H 
ô+ 
The C—O and O—H bonds An electrostatic potential map for methanol 
of an alcohol are polarized shows partial negative charge at the 


oxygen and partial positive charge at the 
hydroxyl proton. 


Polarization of the O—H bond makes the hydrogen partially positive and explains why alco- 
hols are weak acids (Section 11.6). Polarization of the C—O bond makes the carbon atom 
partially positive, and if it were not for the fact that ОНГ is a strong base and, therefore, a 
very poor leaving group, this carbon would be susceptible to nucleophilic attack. 

The electron pairs on the oxygen atom make it both basic and nucleophilic. In the pres- 
ence of strong acids, alcohols act as bases and accept protons in the following way: 


H 
|. a Са | |. 
Protonation C—O—H+ H--A == —C—O-H + A^ 
of an alcohol. | 
Alcohol Strong acid Protonated 
alcohol 


@ Protonation of the alcohol converts a poor leaving group (OH ) into a good 
one (H20). 


Protonation also makes the carbon atom even more positive (because — ОН," is more 
electron withdrawing than — OH) and, therefore, even more susceptible to nucleophilic 
attack. 


€ Once the alcohol is protonated substitution reactions become possible (532 or Syl, 
depending on the class of alcohol, Section 11.8). 


H 
The protonated Pom wl 5,2 | | 
hydroxyl groupis М№Ч: + ОО => ec А о 
a good leaving 
group (H20). Protonated 
alcohol 


Because alcohols are nucleophiles, they, too, can react with protonated alcohols. This, as 
we shall see in Section 11.11A, is an important step in one synthesis of ethers: 


H H 
s ан | Gul xx || | 
R—6f 4 Qoa 36 Rohe + :0—H 

H H 
Protonated 
ether 


At a high enough temperature and in the absence of a good nucleophile, protonated alco- 
hols are capable of undergoing E1 or E2 reactions. This is what happens in alcohol dehy- 
drations (Section 7.7). 

Alcohols also react with РВгз and SOCI to yield alkyl bromides and alkyl chlorides. 
These reactions, as we shall see in Section 11.9, are initiated by the alcohol using its 
unshared electron pairs to act as a nucleophile. 


11.6 Alcohols as Acids 
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11.6 Alcohols as Acids 


€ Alcohols have acidities similar to that of water. 


Methanol is a slightly stronger acid than water (pK, — 15.7) but most alcohols are some- рК. Values 


what weaker acids. Values of pK, for several alcohols are listed in Table 11.3. 


| H 

z " | 

R—02H" ló-H =  R-Ó- + H—O*H 
Alcohol Alkoxide ion 


(If R is bulky, there is less stabilization of the alkoxide by solvation, 
and consequently the equilibrium lies even further toward the alcohol.) 


€ Sterically hindered alcohols such as tert-butyl alcohol are less acidic, and hence their 
conjugate bases more basic, than unhindered alcohols such as ethanol or methanol. 


One reason for this difference in acidity has to do with the effect of solvation. With an unhin- 
dered alcohol, water molecules can easily surround, solvate, and hence stabilize the alkox- 
ide anion that would form by loss of the alcohol proton to a base. As a consequence of this 
stabilization, formation of the alcohol’s conjugate base is easier, and therefore its acidity 
is increased. If the R group of the alcohol is bulky, solvation of the alkoxide anion is hin- 
dered. Stabilization of the conjugate base is not as effective, and consequently the hindered 
alcohol is a weaker acid. Another reason that hindered alcohols are less acidic has to do 
with the inductive electron-donating effect of alkyl groups. The alkyl groups of a hindered 
alcohol donate electron density, making formation of an alkoxide anion more difficult than 
with a less hindered alcohol. 


@ All alcohols are much stronger acids than terminal alkynes, and they are very 
much stronger acids than hydrogen, ammonia, and alkanes (see Table 3.1). 


Relative Acidity 


Water and alcohols are the НО > ROH > RC=CH > Н, > NH, > RH 
strongest acids in this series. 


Sodium and potassium alkoxides can be prepared by treating alcohols with sodium or 
potassium metal or with the metal hydride (Section 6.15B). Because most alcohols are 
weaker acids than water, most alkoxide ions are stronger bases than the hydroxide ion. 


€ Conjugate bases of compounds with higher pK, values than an alcohol will depro- 
tonate an alcohol. 


Relative Basicity 


R- > NH. > Н“ > RC=C~ > ВО- > HO Hydroxide is the weakest 
base in this series. 


Write equations for the acid-base reactions that would occur (if any) if ethanol were added 
to solutions of each of the following compounds. In each reaction, label the stronger acid, 
the stronger base, and so forth (consult Table 3.1). 


О 
(a) NaNH> (b) н—===:- Ма“ (с) ps (d) NaOH 
ONa 


Sodium and potassium alkoxides are often used as bases in organic syntheses (Section 
6.15B). We use alkoxides, such as ethoxide and fert-butoxide, when we carry out reactions 
that require stronger bases than hydroxide ion but do not require exceptionally powerful bases, 
such as the amide ion or the anion of an alkane. We also use alkoxide ions when (for reasons 
of solubility) we need to carry out a reaction in an alcohol solvent rather than in water. 


or Some 
Weak Acids 
Acid pK, 
CH30H 15.5 
H2O 15.74 
CH3CH2OH 15.9 
(CH3)3COH 18.0 


Helpful Hint 


Remember: Any factor that 
stabilizes the conjugate base of an 
acid increases its acidity. 


Review Problem 11.5 
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11.7 Conversion of Alcohols into Alkyl Halides 


H3CO 


In this and several following sections we will be concerned with reactions that involve 
substitution of the alcohol hydroxyl group. 


€ A hydroxyl group is such a poor leaving group (it would depart as hydroxide) that 
a common theme of these reactions will be conversion of the hydroxyl to a group 
that can depart as a weak base. 


These processes begin by reaction of the alcohol oxygen as a base or nucleophile, after 
which the modified oxygen group undergoes substitution. First, we shall consider reactions 
that convert alcohols to alkyl halides. 

The most commonly used reagents for conversion of alcohols to alkyl halides are the 
following: 

€ Hydrogen halides (HCI, HBr, HI) 

@ Phosphorus tribromide (PBr3) 

€ Thionyl chloride (50Сђ) 
Examples of the use of these reagents are the following. All of these reactions result in cleav- 


age of the C—O bond of the alcohol. In each case, the hydroxyl group is first converted 
to a suitable leaving group. We will see how this is accomplished when we study each type 


of reaction. 
+ HCl (conca) IM p + H,O 
(94%) 
+ HBr (conca) тайи idis ах Вг 
(95%) 
СЕЕ 
+ РВ “10 10 0G, 4h T" + HPO, 
(55-60%) 
SOGI, pyridine Lla + SO, + HCI 
(an organic HCO (forms a salt 
base) 3 with pyridine) 


11.8 Alkyl Halides from the Reaction of Alcohols with Hydrogen Halides 


When alcohols react with a hydrogen halide, a substitution takes place producing an alkyl 
halide and water: 


R+OH + HX —> R—X + H,O 


@ The order of reactivity of alcohols is 3° > 2° > 1° < methyl. 


@ The order of reactivity of the hydrogen halides is HI > HBr > HCI (HF is gener- 
ally unreactive). 


The reaction is acid catalyzed. Alcohols react with the strongly acidic hydrogen halides 
HCI, HBr, and HI, but they do not react with nonacidic NaCl, NaBr, or Nal. Primary and 
secondary alcohols can be converted to alkyl chlorides and bromides by allowing them to 
react with a mixture of a sodium halide and sulfuric acid: 


H;SO, 


ROH + Nax RX + NaHSO, + H,O 


11.8 Alkyl Halides from the Reaction of Alcohols with Hydrogen Halides 


11.8A Mechanisms of the Reactions of Alcohols with HX 


@ Secondary, tertiary, allylic, and benzylic alcohols appear to react by a mechanism 
that involves the formation of a carbocation—a mechanism that we first saw in 
Section 3.14 and that you should now recognize as an Syl reaction with the proto- 


nated alcohol acting as the substrate. 


We again illustrate this mechanism with the reaction of tert-butyl alcohol and aqueous 


hydrochloric acid (H3O*, CI). 


The first two steps in this Syl substitution mechanism are the same as in the mecha- 


nism for the dehydration of an alcohol (Section 7.7). 


= fast P 
Step 1 ae H + yl Bp =. КЕН + Mem 
H 


ФА | 6 


| | 
Step 2 Ag I A + :0—H 


The alcohol accepts 
a proton. 


The protonated 
hydroxyl group 
departs as a leaving 
group to form a carbo- 
cation and water. 


H 


In step 3 the mechanisms for the dehydration of an alcohol and the formation of an alkyl 
halide differ. In dehydration reactions the carbocation loses a proton in an El reaction to 
form an alkene. In the formation of an alkyl halide, the carbocation reacts with a nucle- 
ophile (a halide ion) in an Sy1 reaction. 


"ume fast A halide anion reacts 
Step 3 Де te => Qj; With the carbocation. 


@ How can we account for Sy1 substitution in this case versus elimination in others? 


When we dehydrate alcohols, we usually carry out the reaction in concentrated sulfu- 
ric acid and at high temperature. The hydrogen sulfate (HSO4 ) present after protonation 
of the alcohol is a weak nucleophile, and at high temperature the highly reactive carboca- 
tion forms a more stable species by losing a proton and becoming an alkene. Furthermore, 
the alkene is usually volatile and distills from the reaction mixture as it is formed, thus draw- 
ing the equilibrium toward alkene formation. The net result is an E/ reaction. 


In the reverse reaction, that is, the hydration of an alkene (Section 8.5), the carbo- 
cation does react with a nucleophile. It reacts with water. Alkene hydrations are 
carried out in dilute sulfuric acid, where the water concentration is high. In some 
instances, too, carbocations may react with HSO4 ions or with sulfuric acid, 
itself. When they do, they form alkyl hydrogen sulfates (R—OSOsOH). 


When we convert an alcohol to an alkyl halide, we carry out the reaction in the pres- 
ence of acid and in the presence of halide ions, and not at elevated temperature. Halide ions 
are good nucleophiles (they are much stronger nucleophiles than water), and since halide 
ions are present in high concentration, most of the carbocations react with an electron pair 
of a halide ion to form a more stable species, the alkyl halide product. The overall result 
is an Syl reaction. 

These two reactions, dehydration and the formation of an alkyl halide, also furnish us 
another example of the competition between nucleophilic substitution and elimination (see 
Section 6.18). Very often, in conversions of alcohols to alkyl halides, we find that the reac- 
tion is accompanied by the formation of some alkene (i.e., by elimination). The free ener- 
gies of activation for these two reactions of carbocations are not very different from one 
another. Thus, not all of the carbocations become stable products by reacting with nucle- 
ophiles; some lose a [8 proton to form an alkene. 
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Primary Alcohols Not all acid-catalyzed conversions of alcohols to alkyl halides pro- 
ceed through the formation of carbocations. 


@ Primary alcohols and methanol react to form alkyl halides under acidic conditions 
by an 542 mechanism. 


In these reactions the function of the acid is to produce a protonated alcohol. The halide 
ion then displaces a molecule of water (a good leaving group) from carbon; this produces 
an alkyl halide: 


Vv | | 
X: E x H — d-c-n + :0—H 
H H 
(Protonated 1° alcohol (A good 
or methanol) leaving group) 


Acid Is Required Although halide ions (particularly iodide and bromide ions) are strong 
nucleophiles, they are not strong enough to carry out substitution reactions with alcohols 
themselves. 


@ Reactions like the following do not occur because the leaving group would have to 
be a strongly basic hydroxide ion: 


| не f «| . 

Heipful Hint : Br C—OH ж :Br—C + -:0H 

The reverse reaction, that is, the os | B en Е 
reaction of an alkyl halide with 


hydroxide ion, does occur and is a We can see now why the reactions of alcohols with hydrogen halides are acid-promoted. 
method for the synthesis of А А : . 
alcohols. We saw:this reaction in 9 Acid protonates the alcohol hydroxyl group, making it a good leaving group. 
Chapter 6. 


Because the chloride ion is a weaker nucleophile than bromide or iodide ions, hydro- 
gen chloride does not react with primary or secondary alcohols unless zinc chloride or some 
similar Lewis acid is added to the reaction mixture as well. Zinc chloride, a good Lewis 
acid, forms a complex with the alcohol through association with an unshared pair of elec- 
trons on the oxygen atom. This enhances the hydroxyl’s leaving group potential sufficiently 
that chloride can displace it. 


m + ZnCl, == ш АД 
H H 


А 
Terme R= of ZnCl, —> :CI—R + [Zn(OH)CL]- 


[Zn(OH)CL] + HOt === ZnCl, + 2H,O 
Ф As we might expect, many reactions of alcohols with hydrogen halides, particu- 


larly those in which carbocations are formed, are accompanied by rearrangements. 


How do we know that rearrangements can occur when secondary alcohols are treated with 
a hydrogen halide? Results like that in Solved Problem 11.5 indicate this to be the case. 


Solved Problem 11.5 


Treating 3-methyl-2-butanol (see the following reaction) yields 2-bromo-2-methylbutane as the sole product. Propose 
a mechanism that explains the course of the reaction. 


HBr po 
— 


OH Br 
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STRATEGY AND ANSWER The reaction must involve a rearrangement by a hydride shift from the initially formed 


carbocation. 
HBr -H,O shift 
— ——ә ae — 
H ar 
CG :OH Сон, 
HBr 
—— dv 
Dod a Br: . 
Write a detailed mechanism for the following reaction. Review Problem 11.6 
Br 
OH CY 
HBr 
— 
(а) What factor explains the observation that tertiary alcohols react with HX faster than sec- Review Problem 11.7 


ondary alcohols? (b) What factor explains the observation that methanol reacts with HX 
faster than a primary alcohol? 


Since rearrangements can occur when some alcohols are treated with hydrogen halides, 
how can we successfully convert a secondary alcohol to an alkyl halide without rearrange- 
ment? The answer to this question comes in the next section, where we discuss the use of 
reagents such as thionyl chloride (SOCI2) and phosphorus tribromide (РВгз). 


11.9 Alkyl Halides from the Reaction of Alcohols with РВгз or SOCI2 


Primary and secondary alcohols react with phosphorus tribromide to yield alkyl bromides. 


Heipful Hint 


3 R--OH T PBr; 3R—Br + HPO; PBra: A reagent for synthesizing 1° 
(1° or 2°) and 2° alkyl bromides. 


@ The reaction of an alcohol with PBra does not involve the formation of a carboca- 
tion and usually occurs without rearrangement of the carbon skeleton (especially if 
the temperature is kept below 0°C). 


@ Phosphorus tribromide is often preferred as a reagent for the transformation of an 
alcohol to the corresponding alkyl bromide. 


The mechanism for the reaction involves attack of the alcohol group on the phosphorus 
atom, displacing a bromide ion and forming a protonated alkyl dibromophosphite: 


Br 
<7 NI „+ PBr 
R^^ÓH + Р — R^^Ó  * + Br 
Y Br GBr | 
H 
Protonated 
alkyl dibromophosphite 
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Helpful Hint __. 


50ОС:: A reagent for synthesizing 
1? and 2? alkyl chlorides. 


O 
"n ou 


R—O—H + Cl—S—cl —5 R—O— 


i 
R—O—S—Cl 


Solved Problem 11.6 
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In a second step a bromide ion acts as a nucleophile to displace HOPBro, a good leaving 
group due to the electronegative atoms bonded to the phosphorus: 


A^ ut PBr, У 


Br + R LO — R Br + НОРВг, 


A good leaving group 


НОРВг can react with 2 more moles of alcohol, so the net result is conversion of 3 mol 
of alcohol to alkyl bromide by 1 mol of phosphorus tribromide. 

Thionyl chloride (SOCI2) converts primary and secondary alcohols to alkyl chlorides. 
Pyridine (C5H5N) is often included to promote the reaction. The alcohol substrate attacks 
thionyl chloride as shown below, releasing a chloride anion and losing its proton to a mol- 
ecule of pyridine. The result is an alkylchlorosulfite. 


C5H5N:^Y 
H 


Ц 1 
S—cl — R—O—S—Cl + C,HsNH* 


" 


O 

[2 о cl 
S сг o 
GCI 

The alkylchlorosulfite intermediate then reacts rapidly with another molecule of pyridine, 
in the same fashion as the original alcohol, to give a pyridinium alkylsulfite intermediate, 
with release of the second chloride anion. A chloride anion then attacks the substrate car- 
bon, displacing the sulfite leaving group, which in turn decomposes to release gaseous 502 


and pyridine. (In the absence of pyridine the reaction occurs with retention of configura- 
tion. See Problem 11.55.) 


о о о „0 
С-Н:М№: "S + - _a + ae 
= RIO—S—NGH, S5 H—QO 4 36 6 NOS == + 
Ко] 255 је = hs 

C5H5N: 


Starting with alcohols, outline a synthesis of each of the following: (a) benzyl bromide, (b) cyclohexyl chloride, 


and (c) butyl bromide. 
POSSIBLE ANSWERS 


а O~ Oe O 


(c) АСЯ РВгз АХ вг 


11.10 Tosylates, Mesylates, апа Triflates: Leaving Group 
Derivatives of Alcohols 


The hydroxyl group of an alcohol can be converted to a good leaving group by conversion 
to a sulfonate ester derivative. The most common sulfonate esters used for this purpose 
are methanesulfonate esters (“mesylates’’), p-toluenesulfonate esters (“tosylates’’), and tri- 
fluoromethanesulfonates (“triflates”). 


11.10 Tosylates, Mesylates, and Triflates: Leaving Group Derivatives of Alcohols 6-0-н (6-6-6 519 
о о Ne. о о 
Nf. or MeSO,— x or TS— Ne. or CF,SO,— 
H X cr > 
en or Ms— CH; 3 or Т#— 
The mesyl group The tosyl group The trifyl group 
EN pr 
ae 7g S. OT о 
Ns” ог MeSO,R Ex OR or TsOR ^ or CF,SO,R 
ован. 2 
CH, OR or MsOR CH; CF, OR or TfOR 


An alkyl mesylate An alkyltosylate 


The desired sulfonate ester is usually prepared by reaction of the alcohol in pyridine with 
the appropriate sulfonyl chloride, that is, methanesulfonyl chloride (mesyl chloride) for a 
mesylate, p-toluenesulfonyl chloride (tosyl chloride) for a tosylate, or trifluoromethane- 


An alkyl triflate 


Helpful Hint 


A method for making an alcohol 
hydroxyl group into a leaving 


sulfonyl chloride [or trifluoromethanesulfonic anhydride (triflic anhydride)] for a triflate. group. 
Pyridine (C5HsN, pyr) serves as the solvent and to neutralize the HCI formed. Ethanol, for 
example, reacts with methanesulfonyl chloride to form ethyl methanesulfonate and with p- 
toluenesulfonyl chloride to form ethyl p-toluenesulfonate: 
Pyridine 
MsCI + Nx — >> eos US 
OH (pyr: HC) OMs Pyridine = || 
2 
Methanesulfonyl Ethanol Ethyl methanesulfonate N 
chloride (ethyl mesylate) 
C&4H&N 
Pyridine 
(воа * Хон нў ^ “от 
p-Toluenesulfonyl Ethanol Ethyl p-toluenesulfonate 


chloride (TSCI) 


It is important to note that formation of the sulfonate ester does not affect the stereo- 
chemistry of the alcohol carbon, because the C—O bond is not involved in this step. Thus, 
if the alcohol carbon is a chirality center, no change in configuration occurs on making the 
sulfonate ester—the reaction proceeds with retention of configuration. On reaction of the 
sulfonate ester with a nucleophile, the usual parameters of nucleophilic substitution reac- 
tions become involved. 


Substrates for Nucleophilic Substitution — Mesylates, tosylates, and triflates, 
because they are good leaving groups, are frequently used as substrates for nucleophilic 
substitution reactions. They are good leaving groups because the sulfonate anions they 
become when they depart are very weak bases. The triflate anion is the weakest base in this 
series, and is thus the best leaving group among them. 


"pe 


Nu + R^ ^ósO;R — Nu ^ ~ 


R + R’SO; 


A sulfonate ion 
(a very weak base- 
a good leaving group) 


An alkyl sulfonate 
(tosylate, mesylate, etc.) 


@ To carry out a nucleophilic substitution on an alcohol, we first convert the alcohol 
to an alkyl sulfonate and then, in a second reaction, allow it to react with a 
nucleophile. 


(ethyl tosylate) 
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© If the mechanism is Sy2, as shown in the second reaction of the following exam- 
ple, inversion of configuration takes place at the carbon that originally bore the 
alcohol hydroxyl group: 


retention 
Sep 1 ym + Ts DAT A 
В’ OH В’ OTs 


H | : H 
Sep2 Nu xa T$ + To 
б Оте ^" Мин 


The fact that the C—O bond of the alcohol does not break during formation of the sul- 
fonate ester is accounted for by the following mechanism. Methanesulfonyl chloride is used 
in the example. 


A MECHANISM FOR THE REACTION 


ке) о о о 
о о p “2 о о 
pou E ee 
Me cl рне CI | e| Me 6 
H H i 
Methanesulfonyl Alcohol СНМ Alkyl 
chloride methanesulfonate 
The alcohol oxygen attacks the sulfur The intermediate loses Loss of a proton leads to the product. 
atom of the sulfonyl chloride. a chloride ion. 


Solved Problem 11.7 


Supply the missing reagents. 


I 
-O On он 
О 


STRATEGY AND ANSWER The overall transformation over two steps involves replacing an alcohol hydroxyl group 
by a cyano group with inversion of configuration. To accomplish this, we need to convert the alcohol hydroxyl to 
a good leaving group in the first step, which we do by making it a methanesulfonate ester (a mesylate) using methane- 
sulfonyl chloride in pyridine. The second step is an 52 substitution of the methanesulfonate (mesyl) group, which 
we do using potassium or sodium cyanide in a polar aprotic solvent such as dimethylformamide (DMF). 


Review Problem 11.8 Show how you would prepare the following compounds from the appropriate sulfonyl chlorides. 


(a) SOCH, (b) (c) 
К" н "4 
OSO2Me 
C 


Hs 
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11.10 Tosylates, Mesylates, and Triflates: Leaving Group Derivatives of Alcohols 


Write structures for products X, Y, A, and B, showing stereochemistry. Review Problem 11.9 


SO;CI 
OH KT NaOH 
(a) pu Нас , х 9 
(pyridine) 


(R)-2-Butanol 


(b) " " 
(pyridine) A B 
OH 


Suggest an experiment using an isotopically labeled alcohol that would prove that the for- Review Problem 11.10 
mation of an alkyl sulfonate does not cause cleavage at the C—O bond of the alcohol. 


THE CHEMISTRY OF... 
Alkyl Phosphates 


Alcohols react with phosphoric acid to yield alkyl phosphates: 


| | | | 
ROH + HO—P—OH > RO—P—OH > RO—P—OH > RO—P—OR 


| (-H,0) | (-H,0) | (-H,0) | 
OH OH OR OR 
Phosphoric Alkyl dihydrogen Dialkyl hydrogen Trialkyl 
acid phosphate phosphate phosphate 
Esters of phosphoric acids are important in biochemical reac- triphosphates exist as negatively charged ions and hence аге 
tions. Especially important are triphosphate esters. Although much less susceptible to nucleophilic attack. Alkyl triphos- 
hydrolysis of the ester group or of one of the anhydride link- phates are, consequently, relatively stable compounds in the 


ages of an alkyl triphosphate is exothermic, these reactions aqueous medium of a living cell. 
occur very slowly in aqueous solutions. Near pH 7, these 


| 1 | 
Г— ОН + HO—P—O—P—O—P—O- 
Phosphate | 
ester linkage (од (од O- 
fo О О O О O 
= || | | но | | | 
R—O—P—O—P—O—P—O- — >RO—P—O- + НО —P—O—P—O- 
| —— | —— | slow | | 
о- ord o- Ó- o © 
Phosphoric о О О 
anhydride | | | 
linkages > RO | О | O + НО —Р— O- 
O- Q- (од 
Enzymes, on the other hand, are able to catalyze геас- other chemical bonds. We shall have more to say about this 
tions of these triphosphates in which the energy made avail- іп Chapter 22 when we discuss the important triphosphate 


able when their anhydride linkages break helps the cell make called adenosine triphosphate (or ATP). 
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11.11 Synthesis of Ethers 


11.11A Ethers by Intermolecular Dehydration of Alcohols 


Alcohols can dehydrate to form alkenes. We studied this in Sections 7.7 and 7.8. Primary 
alcohols can also dehydrate to form ethers: 


HA 
R—OH + HO—R ho^ R—O—R 
Dehydration to an ether usually takes place at a lower temperature than dehydration to 
the alkene, and dehydration to the ether can be aided by distilling the ether as it is formed. 
Diethyl ether is made commercially by dehydration of ethanol. Diethyl ether is the pre- 
dominant product at 140°C; ethene is the major product at 180°C: 


H,SO, КЕ 
180°C Ethene 
„одн 


Diethyl ether 


The formation of the ether occurs by an Sy2 mechanism with one molecule of the alco- 
hol acting as the nucleophile and another protonated molecule of the alcohol acting as the 
substrate (see Section 11.5). 


A MECHANISM FOR THE REACTION 


Intermolecular Dehydration of Alcohols to Form an Ether 


soll tH 
Step 1 476^" + HS0SOH == ~>6~ + -OSOH 
m A | 


This is an acid-base reaction in which the alcohol accepts a proton 
from the sulfuric acid. 


H 
Step 2 EV NC c: УУ ~ n он 
н H 
Another molecule of the alcohol acts as a nucleophile and attacks 
the protonated alcohol in an 5,2 reaction. 
ms 
Step 3 a ms + H-O-H == «^70 ~ + H-O-H 
Hoc Р 


Another acid-base reaction converts the protonated ether to an ether 
by transferring a proton to a molecule of water (or to another molecule 
of the alcohol). 


Complications of Intermolecular Dehydration The method of synthesizing ethers 
by intermolecular dehydration has some important limitations. 


e@ Attempts to synthesize ethers by intermolecular dehydration of secondary alcohols 
are usually unsuccessful because alkenes form too easily. 
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6 Attempts to make ethers with tertiary alkyl groups lead exclusively to the alkenes. 


9 Intermolecular dehydration is not useful for the preparation of unsymmetrical 
ethers from primary alcohols because the reaction leads to a mixture of products: 


ROR 
H,SO + 
ROH + R’OH ROR’ + H,O 
А —_ di 
1° Alcohols R'OR' 
An exception to what we have just said has to do with syntheses of unsymmetrical ethers Review Problem 11.11 


in which one alkyl group is a tert-butyl group and the other group is primary. For exam- 
ple, this synthesis can be accomplished by adding tert-butyl alcohol to a mixture of the pri- 
mary alcohol and H2SO, at room temperature. 


gi cat. H,SO + HO 
R^ oH =< ———— "TN 2 


Give a likely mechanism for this reaction and explain why it is successful. 


11.118 The Williamson Synthesis of Ethers 


An important route to unsymmetrical ethers is a nucleophilic substitution reaction known 


4 Helpful Hint 


Alexander William Williamson was 


as the Williamson synthesis. an English chemist who lived 

" . | . . . between 1824 and 1904. His 

@ The Williamson ether synthesis consists of an Sy2 reaction of a sodium alkoxide method is especially useful for 
with an alkyl halide, alkyl sulfonate, or alkyl sulfate. synthesis of unsymmetrical ethers. 


A MECHANISM FOR THE REACTION 


The Williamson Ether Synthesis 


R—Ó: Nat + Аја —> R—Ó—R + меша 
Sodium Alkyl halide, Ether 

(or potassium) alkyl sulfonate, or 
alkoxide dialkyl sulfate 


The alkoxide ion reacts with the substrate in an S,2 reaction, with the resulting 
formation of an ether. The substrate must be unhindered and bear a good leaving group. 
Typical substrates are 1° or 2° alkyl halides, alkyl sulfonates, and dialkyl sulfates, that is, 


—LG = —Br:, —1:; —OSOR' or —OSOOR' 
The following reaction is a specific example of the Williamson synthesis. The sodium Ipful Hi 
1 
alkoxide can be prepared by allowing an alcohol to react with Ман: = He pfu Hin 
Conditions that favor a Williamson 
Non + NaH — > egi a + H—H ether synthesis. 
Propyl alcohol Sodium propoxide 
[^ 


ie, Pi + Nal 


Ethyl propyl ether 
(70%) 
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The usual limitations of 542 reactions apply here. Best results are obtained when the 
alkyl halide, sulfonate, or sulfate is primary (or methyl). If the substrate is tertiary, 
elimination is the exclusive result. Substitution is also favored over elimination at lower 
temperatures. 


Review Problem 11.12 (a) Outline two methods for preparing isopropyl methyl ether by a Williamson synthesis. 
(b) One method gives a much better yield of the ether than the other. Explain which is the 
better method and why. 


Solved Problem 11.8 


The cyclic ether tetrahydrofuran (THF) can be synthesized by treating 4-chloro-1-butanol with aqueous sodium 
hydroxide (see below). Propose a mechanism for this reaction. 


он" 

pp tel n + HO 

HO Ho O NaCl 2 
Tetrahydrofuran 


STRATEGY AND ANSWER Removal of a proton from the hydroxyl group of 4-chloro-1-butanol gives an alkox- 
ide ion that can then react with itself in an intramolecular Sy2 reaction to form a ring. 


CI 


Cl 
В) 
ОДН als :OH === :0: — D: 


Even though treatment of the alcohol with hydroxide does not favor a large equilibrium concentration of the alkox- 
ide, the alkoxide anions that are present react rapidly by the intramolecular Sy2 reaction. As alkoxide anions are 
consumed by the substitution reaction, their equilibrium concentration is replenished by deprotonation of additional 
alcohol molecules, and the reaction is drawn to completion. 


Review Problem 11.13 Epoxides can be synthesized by treating halohydrins with aqueous base. Propose a mech- 
anism for reactions (a) and (b), and explain why no epoxide formation is observed in (c). 


(a) Cl NaOH fe) 
Hoe ^ "Ung EN 


(c) acl 
Е Маон No epoxide 
| H,O | observed 
"OH 


Review Problem 11.14 Write structures for products A, B, C, and D, showing stereochemistry. (Hint: B and D are 


stereoisomers.) 
ко wos Br 
——> A —> В 
OH (Hə 


[Teo pyr 


e 


С K,CO, 


11.11 Synthesis of Ethers 


11.11C Synthesis of Ethers by 
Alkoxymercuration-Demercuration 


Alkoxymercuration-demercuration is another method for synthesizing ethers. 


@ The reaction of an alkene with an alcohol in the presence of a mercury salt such as 
mercuric acetate or trifluoroacetate leads to an alkoxymercury intermediate, which 
on reaction with sodium borohydride yields an ether. 


When the alcohol reactant is also the solvent, the method is called solvomercuration-demer- 
curation. This method directly parallels hydration by oxymercuration-demercuration 


(Section 8.6): 
(2) NaBH,, НО" о 


(98% Yield) 


11.110 tert-Butyl Ethers by Alkylation of Alcohols: 
Protecting Groups 


Primary alcohols can be converted to tert-butyl ethers by dissolving them in a strong acid 
such as sulfuric acid and then adding isobutylene to the mixture. (This procedure minimizes 
dimerization and polymerization of the isobutylene.) 


tert-Butyl 
вон + A H,SO, R~ So \ protecting 
group 
€ A tert-butyl ether can be used to "protect" the hydroxyl group of a primary alcohol 


while another reaction is carried out on some other part of the molecule. 


9 A tert-butyl protecting group can be removed easily by treating the ether with 
dilute aqueous acid. 


Suppose, for example, we wanted to prepare 4-pentyn-1-ol from 3-bromo-1-propanol 
and sodium acetylide. If we allow them to react directly, the strongly basic sodium acetylide 
will react first with the hydroxyl group: 


Но ~~ Br + ==" Nat — мао ^ Br + = 


3-Bromo-1-propanol 
However, if we protect the — OH group first, the synthesis becomes feasible: 


H ==: Ма“ 
H 2 pp (SU, (quip ww "ps EM, 


LL 
"s 
H4O*/H;O 
tBu ROS HOT + BUH 


4-Pentyn-1-ol 


Propose mechanisms for the following reactions. 


" H,SO. 
OH cat. H SO, 
Br И и + ie > а“ 


R-ó-u / &—ü-R' 
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11.11E Silyl Ether Protecting Groups 
€ A hydroxyl group can also be protected by converting it to a silyl ether group. 


One of the most common silyl ether protecting groups is the fert-butyldimethylsilyl ether 
group [fert-butyl(Me)2Si—O—R, or TBS—-O—R], although triethylsilyl, triisopropylsil- 
yl, tert-butyldiphenylsilyl, and others can be used. The fert-butyldimethylsily] ether is sta- 
ble over a pH range of roughly 4-12. A TBS group can be added by allowing the alcohol 
to react with tert-butyldimethylsilyl chloride in the presence of an aromatic amine (а base) 
such as imidazole or pyridine: 


m Me, Me nds Ме, Ме 
HN; №: R—O—H + Si Бо Si 
idi CI^ ^t-Bu DMF 507 ^tBu 
Imidazole (HCI) 
tert-Butylchlorodimethylsilane (R—O—TBS) 
O (TBSCI) 
№2 6€ The TBS group can be removed by treatment with fluoride ion (tetrabutylammo- 
Е nium fluoride or aqueous HF is frequently used). 
Pyridine 
Me, Me — Me Me 
u.N*F- 
RH. Si = H—O-—H 4 Si 
O^ ^tBu  THF ~~~ t-Bu 
(R—O—TBS) 


Converting an alcohol to a silyl ether also makes it much more volatile. This increased 
volatility makes the alcohol (as a silyl ether) much more amenable to analysis by gas chro- 
matography. Trimethylsilyl ethers are often used for this purpose. (The trimethylsilyl ether 


group is too labile to use as a protecting group in most reactions, however.) 


Solved Problem 11.9 


Supply the missing reagents and intermediates A-E. 


A 


S/O о ие 
пао oe 
» 


NOG E 
DMF 

STRATEGY AND ANSWER We start by noticing several things: a TBS (tert-butyldimethylsilyl) protecting group 
is involved, the carbon chain increases from four carbons in A to seven in the final product, and an alkyne is reduced 
to a trans alkene. A does not contain any silicon atoms, whereas the product after the reaction under conditions B 
does. Therefore, A must be an alcohol that is protected as a TBS ether by conditions specified as B. A is therefore 
4-bromo-1-butanol, and conditions B are TBSCI (tert-butyldimethylsilyl chloride) with imidazole in DMF. 
Conditions C involve loss of the bromine and chain extension by three carbons with incorporation of an alkyne. 
Thus, the reaction conditions for C must involve sodium propynide, which would come from deprotonation of 
propyne using an appropriate base, such as NaNH» or CH3MgBr. The conditions leading from E to the final prod- 
uct are those for removal of a TBS group, and not those for converting an alkyne to a trans alkene; thus, E must 
still contain the TBS ether but already contain the trans alkene. Conditions D, therefore, must be (1) Li, EteNH, (2) 
NH4CI, which are those required for converting the alkyne to a trans alkene. E, therefore, must be the TBS ether 
of 5-heptyn-1-ol (which can also be named 1-tert-butyldimethylsiloxy-5-heptynol). 


11.12 Reactions of Ethers 


11.12 Reactions of Ethers 
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Dialkyl ethers react with very few reagents other than acids. The only reactive sites that 
molecules of a dialkyl ether present to another reactive substance аге the C —H bonds of the 
alkyl groups and the —Ö— group of the ether linkage. Ethers resist attack by nucleophiles 
(why?) and by bases. This lack of reactivity coupled with the ability of ethers to solvate 
cations (by donating an electron pair from their oxygen atom) makes ethers especially use- 
ful as solvents for many reactions. 

Ethers are like alkanes in that they undergo halogenation reactions (Chapter 10), but these 
reactions are of little synthetic importance. They also undergo slow autoxidation to form 
explosive peroxides (see Section 11.3D). 

The oxygen of the ether linkage makes ethers basic. Ethers can react with proton donors 
to form oxonium salts: 


ХВИ + HBR == 77. + Br 
.. | 
H 


An oxonium salt 


11.12A Cleavage of Ethers 


Heating dialkyl ethers with very strong acids (HI, НВг, and H2SO4) causes them to 
undergo reactions in which the carbon-oxygen bond breaks. Diethyl ether, for example, 
reacts with hot concentrated hydrobromic acid to give two molecular equivalents of ethyl 
bromide: 


Cleavage of 
an ether 


Nö N + 2HBr — 277 Br + ЊО 
The mechanism for this reaction begins with formation of an oxonium cation. Then, an 52 
reaction with a bromide ion acting as the nucleophile produces ethanol and ethyl bromide. 
Excess HBr reacts with the ethanol produced to form the second molar equivalent of ethyl 
bromide. 


A MECHANISM FOR THE REACTION 


Ether Cleavage by Strong Acids 


Step 1 
E EE SS V pu ~ H 
c LU HL uc Be Od Ба 
H Ethanol Ethyl 
bromide 
In Step 2, the ethanol (just formed) reacts with HBr (present in excess) to form a second molar 
equivalent of ethyl bromide. 
Step 2 


CH Ue ОС н е :0: 
МЕ UE = D 2 6 — Евн 
H 
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Review Problem 11.17 


Review Problem 11.18 
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When an ether is treated with cold concentrated HI, cleavage occurs as follows: 
R—O—R + HI >ROH + RI 


When mixed ethers are used, the alcohol and alkyl iodide that form depend on the nature 
of the alkyl groups. Use mechanisms to explain the following observations: 


(a) OMe OH 


pw PX 


(b) 
Ра + = + MeOH 
OMe | 


Write a detailed mechanism for the following reaction. 


ДА p HBr (excess) PM 
O A 2 Br 


Provide a mechanism for the following reaction. 


HCI 
Dx m, CI 
OCH, 


Epoxides are cyclic ethers with three-membered rings. In IUPAC nomenclature epoxides 
are called oxiranes. The simplest epoxide has the common name ethylene oxide: 


8 Я 
се A 


| 


An epoxide IUPAC name: oxirane 
Common name: ethylene oxide 


11.13A Synthesis of Epoxides: Epoxidation 


Epoxides can be synthesized by the reaction of an alkene with an organic peroxy acid 
(RCOsSH— sometimes called simply a peracid), a process that is called epoxidation. Meta- 
Chloroperoxybenzoic acid (MCPBA) is one peroxy acid reagent commonly used for epox- 
idation. The following reaction is an example. 


О О 
од „А 
+ ог“ | 9 + " 
egeat iR M У NS =; RW S 
CI CI 


1-Octene 


MCPBA (81%) meta-Chlorobenzoic acid 


meta-Chlorobenzoic acid is a by-product of the reaction. Often it is not written in the chem- 
ical equation, as the following example illustrates. 


O O 
SS 


(77%) 
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As the first example illustrates, the peroxy acid transfers an oxygen atom to the alkene. The 
following mechanism has been proposed. 


A MECHANISM FOR THE REACTION 


Alkene Epoxidation 


R R | à 
:О 7 От 56 о: 
Е со ! Tor Ts 
ENS — :0 ee — o H 
i yy" Peroxy P - "" Carboxylic 
acid acid 
Alkene Concerted Epoxide 
transition 
state 


The peroxy acid transfers an oxygen atom to the alkene in a cyclic, 
single-step mechanism. The result is the syn addition of the oxygen 
to the alkene, with the formation of an epoxide and a carboxylic acid. 


THE CHEMISTRY OF... 


The Sharpless Asymmetric Epoxidation 


In 1980, K. B. Sharpless (then at the Massachusetts Institute 
of Technology, presently at The Scripps Research Institute) and 
co-workers reported a method that has since become one of 
the most valuable tools for chiral synthesis. The Sharpless 
asymmetric epoxidation is a method for converting allylic alco- 
hols (Section 11.1) to chiral epoxy alcohols with very high enan- 
tioselectivity (i.e., with preference for one enantiomer rather 
than formation of a racemic mixture). In recognition of this and 
other work in asymmetric oxidation methods (see Section 
8.164), Sharpless received half of the 2001 Nobel Prize in 
Chemistry (the other half was awarded to W. S. Knowles and 
CO.R R. Noyori; see Section 7.14). The Sharpless 
TRE OH asymmetric epoxidation involves treating the 
| allylic alcohol with tert-butyl hydroperoxide, 
X titanium(IV) tetraisopropoxide [Ti(O— i-Pr)4], 
and a specific stereoisomer of a tartrate ester. 
(The tartrate stereoisomer that is chosen 
depends on the specific enantiomer of the epox- 
ide desired). The following is an example: 


HO*?YH 
CO,R 


A (+)-dialkyl 
tartrate ester 


Su. 


OH tBuOOH, T(O—iPr), 
CH,Cl,, —20*C 
| (+)-diethyl tartrate 
Geraniol 77% yield 
(95% enantiomeric 
excess) 


The oxygen that is transferred to the allylic alcohol to 
form the epoxide is derived from tert-butyl hydroperoxide. 
The enantioselectivity of the reaction results from a titanium 
complex among the reagents that includes the enan- 
tiomerically pure tartrate ester as one of the ligands. The 
choice of whether to use the (+)- or (—)-tartrate ester for 
stereochemical control depends on which enantiomer of the 
epoxide is desired. [The (+)- and (—)-tartrates are either 
diethyl or diisopropyl esters.] The stereochemical prefer- 
ences of the reaction have been well studied, such that it is 
possible to prepare either enantiomer of a chiral epoxide in 
high enantiomeric excess, simply by choosing the appro- 
priate (+)- or (—)-tartrate stereoisomer as the chiral ligand: 


bs 


(S)-Methylglycidol 
(+)-dialkyl tartrate 


> Sharpless asymmetric epoxidation 
(—)-dialkyl tartrate 
О 


(R)-Methylglycidol 


(continues on the next page) 
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ral epoxy alcohol synthons produced by the Sharpless asym- 
metric epoxidation has been demonstrated over and over 
in enantioselective syntheses of many important com- 
pounds. Some examples include the synthesis of the poly- 
ether antibiotic X-206 by E. J. Corey (Harvard), the J. T. Baker 
(7R,8S)-Disparlure commercial synthesis of the gypsy moth pheromone (7 R,8S)- 
disparlure, and synthesis by K. C. Nicolaou (University of 
California San Diego and Scripps Research Institute) of 
zaragozic acid A (which is also called squalestatin 51 and has 
been shown to lower serum cholesterol levels in test animals 
by inhibition of squalene biosynthesis; see "The Chemistry 
of. . .Cholesterol Biosynthesis," Chapter 8). 


Compounds of this general structure are extremely use- 
ful and versatile synthons because combined in one mole- 
cule are an epoxide functional group (a highly reactive 
electrophilic site), an alcohol functional group (a potentially 
nucleophilic site), and at least one chirality center that is pre- 
sent in high enantiomeric purity. The synthetic utility of chi- 


Un, 


= o 
OH H 


Antibiotic X-206 


11.13B Stereochemistry of Epoxidation 


@ The reaction of alkenes with peroxy acids is, of necessity, a syn addition, and it is 
stereospecific. Furthermore, the oxygen atom can add to either face of the alkene. 


For example, trans-2-butene yields racemic trans-2,3-dimethyloxirane, because addition of 
oxygen to each face of the alkene generates an enantiomer. cis-2-Butene, on the other hand, 
yields only cis-2,3-dimethyloxirane, no matter which face of the alkene accepts the oxy- 
gen atom, due to the plane of symmetry in both the reactant and the product. If additional 
chirality centers are present in a substrate, then diastereomers would result. 


О 
= MCPBA " " 
MCPBA, и A T 
cis-2-Butene cis-2,3-Dimethyloxirane 


(a meso compound) 


trans-2-Butene Enantiomeric trans-2,3-dimethyloxiranes 


In Special Topic C (Section C.3) we present a method for synthesizing epoxides from alde- 
hydes and ketones. 


531 


11.14 Reactions of Epoxides 


11.14 Reactions of Epoxides 


@ The highly strained three-membered ring of epoxides makes them much more 
reactive toward nucleophilic substitution than other ethers. 


Acid catalysis assists epoxide ring opening by providing a better leaving group (an alco- 
hol) at the carbon atom undergoing nucleophilic attack. This catalysis is especially impor- 
tant if the nucleophile is a weak nucleophile such as water or an alcohol. An example is 
the acid-catalyzed hydrolysis of an epoxide. 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Ring Opening of an Epoxide 


ji 7 \ | а 
= = oe = Jb ge 
16 = + H ° H 26 eS ji H 
а e H 
H 
Epoxide Protonated epoxide 


The acid reacts with the epoxide to produce a protonated epoxide. 


H 
jue o Ö—H 
- Aa a 7 ШЕ 
9-02 + ӧн — oa B cc = + H—O*H 
:0^ | H—Qí — ^ Ho N | 
| z 5 
H 
Protonated Weak Protonated 1,2-Diol 
epoxide nucleophile 1,2-diol 


The protonated epoxide reacts with the weak nucleophile (water) to form a protonated 1,2-diol, 
which then transfers a proton to a molecule of water to form the 1,2-diol and a hydronium ion. 


Epoxides can also undergo base-catalyzed ring opening. Such reactions do not occur with 
other ethers, but they are possible with epoxides (because of ring strain), provided that the 
attacking nucleophile is also a strong base such as an alkoxide ion or hydroxide ion. 


A MECHANISM FOR THE REACTION 


Base-Catalyzed Ring Opening of an Epoxide 


ol г d ne: 
p d es у 4 в—б—н y: of + mó 
о СИИ заз OH 
Strong Epoxide An alkoxide ion 
nucleophile 


A strong nucleophile such as an alkoxide ion or a hydroxide ion is able to open 
the strained epoxide ring in a direct 5,2 reaction. 
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Helpful Hint 


Regioselectivity in the opening of 
epoxides. 


Review Problem 11.19 
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@ If the epoxide is unsymmetrical, in base-catalyzed ring opening, attack by the 
alkoxide ion occurs primarily at the less substituted carbon atom. 


For example, methyloxirane reacts with an alkoxide ion mainly at its primary carbon atom: 


1? Carbon atom is less hindered. 


ЕТО“ + СА => E кон m + EtO^ 
8 o- OH 


Methyloxirane 1-Ethoxy-2-propanol 


This is just what we should expect: The reaction is, after all, ап 52 reaction, and, as we 
learned earlier (Section 6.13A), primary substrates react more rapidly in Sy2 reactions 
because they are less sterically hindered. 


9 In the acid-catalyzed ring opening of an unsymmetrical epoxide the nucleophile 
attacks primarily at the more substituted carbon atom. 


MeOH + = cat. НА 
O MeO OH 


The reason: Bonding in the protonated epoxide (see the following reaction) is unsymmet- 
rical, with the more highly substituted carbon atom bearing a considerable positive charge; 
the reaction is Sy1 like. The nucleophile, therefore, attacks this carbon atom even though 
it is more highly substituted: 


For example, 


This carbon 
resembles a 
3° carbocation. 


Protonated 
epoxide 
The more highly substituted carbon atom bears a greater positive charge because it resem- 
bles a more stable tertiary carbocation. [Notice how this reaction (and its explanation) resem- 
bles that given for halohydrin formation from unsymmetrical alkenes in Section 8.14 and 
attack on mercurinium ions. ] 


Propose structures for each of the following products derived from oxirane (ethylene oxide): 


(a) Q HA © о KI 
‘MeOH СзНвО2 LN но” CoHslO 
Methyl (d) 
Cellosolve А NH; CHNO 
OO н, оно (е) 
HOH 777 s € О меома 
Ethyl LN mom MeO 


Cellosolve 


11.14 Reactions of Epoxides 


Provide a mechanistic explanation for the following observation. 


MeONa 
MeOH 


у 


О 


pe 


MeO 


When sodium ethoxide reacts with 1-(chloromethyl)oxirane (also called epichlorohydrin), 
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Review Problem 11.20 


OH 


Review Problem 11.21 


labeled with '4C as shown by the asterisk in I, the major product is II. Provide a mecha- 


nistic explanation for this result. 


Cl Y EIN. wv So 


I 
1-(Chloromethyl)oxirane 
(epichlorohydrin) 


II 


Certain molecules from the environment become carcino- 
genic by "activation" through metabolic processes that are 
normally involved in preparing them for excretion. This is the 
case with two of the most carcinogenic compounds known: 
аібрепхо[а,Пругепе, a polycyclic aromatic hydrocarbon, and 
aflatoxin B4, a fungal metabolite. During the course of oxida- 
tive processing in the liver and intestines, these molecules 
undergo epoxidation by enzymes called P450 cytochromes. 
Their epoxide products, as you might expect, are excep- 


enzymatic epoxidation 
(“activation”) 


THE CHEMISTRY OF... 


Epoxides, Carcinogens, and Biological Oxidation 


tionally reactive electrophiles, and it is precisely because of 
this that they are carcinogenic. The dibenzol[a,/]pyrene and 
aflatoxin B4 epoxides undergo very facile nucleophilic sub- 
stitution reactions with DNA. Nucleophilic sites on DNA 
react to open the epoxide ring, causing alkylation of the 
DNA by formation of a covalent bond with the carcinogen. 
Modification of the DNA in this way causes onset of the dis- 
ease state. 


DNA DNA 
= deoxyadenosine adduct 
(causes cancer) 


Dibenzo[a,/]pyrene- 
11,12-diol-13,14-epoxide 


Dibenzo[a,/]pyrene 


The normal pathway toward excretion of foreign mole- 
cules like dibenzofa,/]pyrene and aflatoxin B1, however, also 
involves nucleophilic substitution reactions of their epoxides. 
One pathway involves opening of the epoxide ring by nucle- 
ophilic substitution with glutathione. Glutathione is a rela- 


tively polar molecule that has a strongly nucleophilic 
sulfhydryl group. After reaction of the sulfhydryl group with 
the epoxide, the newly formed covalent derivative, because 
it is substantially more polar than the original epoxide, is 
readily excreted through aqueous pathways. 


(continues on the next page) 
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OCH, 
Aflatoxin B, 


enzymatic epoxidation 
("activation") 


epoxide ring opening 
by glutathione 


Aflatoxin B,-glutathione adduct 
(can be excreted) 


11.14A Polyethers from Epoxides 


Treating ethylene oxide with sodium methoxide (in the presence of a small amount of 
methanol) can result in the formation of a polyether: 


MeO 


meo“ + cg — = +95 — 


о" 


Мео z MeO 
по Меон 
=> — 
О o O O E 
m 


MeO 
N 
4 of OH 


Poly(ethylene glycol) 
(a polyether) 


This is an example of anionic polymerization (Section 10.10). The polymer chains con- 
tinue to grow until methanol protonates the alkoxide group at the end of the chain. The aver- 
age length of the growing chains and, therefore, the average molecular weight of the polymer 
can be controlled by the amount of methanol present. The physical properties of the poly- 
mer depend on its average molecular weight. 
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Polyethers have high water solubilities because of their ability to form multiple hydrogen 
bonds to water molecules. Marketed commercially as carbowaxes, these polymers have a vari- 
ety of uses, ranging from use in gas chromatography columns to applications in cosmetics. 


11.15 Anti 1,2-Dihydroxylation of Alkenes via Epoxides 


Epoxidation (1) of cyclopentene produces 1,2-epoxycyclopentane: 


o C) S Cx 


Cyclopentene 1,2-Epoxycyclopentane 
Acid-catalyzed hydrolysis (2) of 1,2-epoxycyclopentane yields a trans diol, trans-1,2- 
cyclopentanediol. Water acting as a nucleophile attacks the protonated epoxide from the Helpfi ul Hint 
side opposite the epoxide group. The carbon atom being attacked undergoes an inversion A synthetic method for anti 1,2- 
of configuration. We show here only one carbon atom being attacked. Attack at the other dihydroxylation. 


carbon atom of this symmetrical system is equally likely and produces the enantiomeric 
form of trans-1,2-cyclopentanediol: 


:ÓH 


== "MH + enantiomer 


Хеј 
H m 
trans-1,2-Cyclopentanediol 


Epoxidation followed by acid-catalyzed hydrolysis gives us, therefore, a method for anti 
1,2-dihydroxylation of a double bond (as opposed to syn 1,2-dihydroxylation, Section 
8.16). The stereochemistry of this technique parallels closely the stereochemistry of the 
bromination of cyclopentene given earlier (Section 8.13). 


Outline a mechanism similar to the one just given that shows how the enantiomeric form Review Problem 11.22 
of trans-1,2-cyclopentanediol is produced. 


Solved Problem 11.10 


In Section 11.13B we showed the epoxidation of cis-2-butene to yield cis-2,3-dimethyloxirane and epoxidation of 
trans-2-butene to yield trans-2,3-dimethyloxirane. Now consider acid-catalyzed hydrolysis of these two epoxides 
and show what product or products would result from each. Are these reactions stereospecific? 


ANSWER (a) The meso compound, cis-2,3-dimethyloxirane (Fig. 11.1), yields on hydrolysis (2R,3R)-2,3-butane- 
diol and (28,35)-2,3-butanediol. These products are enantiomers. Since the attack by water at either carbon [path 
(a) or path (b) in Fig. 11.1] occurs at the same rate, the product is obtained in a racemic form. 

When either of the trans-2,3-dimethyloxirane enantiomers undergoes acid-catalyzed hydrolysis, the only prod- 
uct that is obtained is the meso compound, (2R,35)-2,3-butanediol. The hydrolysis of one enantiomer is shown in 
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Fig. 11.2. (You might construct a similar diagram showing the hydrolysis of the other enantiomer to convince your- 


self that it, too, yields the same product.) 


anf Думи 


cis-2,3-Dimethyloxirane 


| HA 


ae 


ee 


H—Ó: H 


Hy 
H—O: 


(2S,3S)-2,3-Butanediol 


:0 —H 
(2R,3R)-2,3-Butanediol 
Enantiomers 


Figure 11.1 Acid-catalyzed hydrolysis of cis-2,3- 
dimethyloxirane yields (2S,3S)-2,3-butanediol by path (a) and 
(2R,3R)-2,3-butanediol by path (b). (Use models to convince 
yourself.) 


oO 
H 
One trans-2,3-dimethyloxirane enantiomer 
[e HA 
| 
СО) 
tr s 
(a)\ / (b 
79 
H | BT 

о | |o 
, — 30—H H—Ó: н 

На 2 

p H yw 
H 0 f 5 = 9— H 

H H 

| НА | НА 
:0—H Ho H 

Нһ2 D 

"p H yw 
H—O: H :0 —H 


These molecules are identical; they both represent 
the meso compound (28, 35)-2,3-butanediol. 


Figure 11.2 The acid-catalyzed hydrolysis of one trans-2,3- 
dimethyloxirane enantiomer produces the meso compound, 
(2R,3S)-2,3-butanediol, by path (a) or by path (b). Hydrolysis 
of the other enantiomer (or the racemic modification) would 
yield the same product. (You should use models to convince 
yourself that the two structures given for the products do 
represent the same compound.) 


(b) Since both steps in this method for the conversion of an alkene to a 1,2-diol (glycol) are stereospecific (1.e., 
both the epoxidation step and the acid-catalyzed hydrolysis), the net result is a stereospecific anti 1,2-dihydroxy- 


lation of the double bond (Fig. 11.3). 


о 
| H, 
H Vir SH (1) RCOOH : 2. 
(2) HA, H,O 
(anti 1,2-dihydroxylation) HO 
cis-2-Butene 
? HO 
Mit, — n] (1) RCOOH N 
ue (2) HA, H,O uem 
(anti 1,2-dihydroxylation) H 


trans-2-Butene 


VH E Wy 
oH 


OH HO H 


Figure 11.3 The 
overall result of 
epoxidation followed by 
acid-catalyzed hydrolysis 
is a stereospecific anti 
1,2-dihydroxylation of 
the double bond. cis-2- 


Enantiomeric 2,3-butanediols 


meso-2,3-Butanediol 


Butene yields the 


H TET HO OH 
= which is the enantiomeric 2,3- 
pame els wey NS "(^  butanediols; trans-2- 
OH H H butene yields the meso 


compound. 


Supply the missing reagents and intermediates A-E. 


A B C D 
— 
САН 


дао ок 


C4HgO 


The effort to develop synthetic methods that are environ- 
mentally friendly is a very active area of chemistry research. 
The push to devise “green chemistry” procedures includes 
not only replacing the use of potentially hazardous or toxic 
reagents with ones that are more friendly to the environment 
but also developing catalytic procedures that use smaller 
quantities of potentially harmful reagents when other alter- 
natives are not available. The catalytic syn 1,2-dihydroxyla- 
tion methods that we described in Section 8.16 (including 
the Sharpless asymmetric dihydroxylation procedure) are 
environmentally friendly modifications of the original pro- 
cedures because they require only a small amount of OsO4 
or other heavy metal oxidant. 

Nature has provided hints for ways to carry out environ- 
mentally sound oxidations as well. The enzyme methane 
monooxygenase (MMO) uses iron to catalyze hydrogen per- 
oxide oxidation of small hydrocarbons, yielding alcohols or 
epoxides, and this example has inspired development of 
new laboratory methods for alkene oxidation. A 1,2-dihy- 
droxylation procedure developed by L. Que (University of 
Minnesota) yields a mixture of 1,2-diols and epoxides by 
action of an iron catalyst and hydrogen peroxide on an 
alkene. (The ratio of diol to epoxide formed depends on the 
reaction conditions, and in the case of dihydroxylation, the 
procedure shows some enantioselectivity.) Another green 
reaction is the epoxidation method developed by E. 
Jacobsen (Harvard University). Jacobsen's procedure uses 
hydrogen peroxide and a similar iron catalyst to epoxidize 
alkenes (without the complication of diol formation). Que's 
and Jacobsen's methods are environmentally friendly 
because their procedures employ catalysts containing a non- 
toxic metal, and an inexpensive, relatively safe oxidizing 
reagent is used that is converted to water in the course of 
the reaction. 


R-0-H 


6-0-6, 
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Review Problem 11.23 


HO 
EE. 24 
OCH3 


(racemic) 


THE CHEMISTRY OF... 


Environmentally Friendly Alkene Oxidation Methods 


R 
OH 
R H,O, (20 equiv.) OH 
V Que's catalyst (0.1 mol %) " 81% (60% ee) 

R = hexyl CH,CN, 30°C "d 

<4 

13% 

H,O, (1.5 equiv.) 

В Jacobsen’s catalyst (3 mol %) 


CH,CO,H (30 mol %), 
CH,CN, 5°C 


ae 5 cians 


85% 


Hs 


H,C C 
W A 


Ce 


Jacobsen's catalyst 


К К 
КУ o, 


The quest for more methods in green chemistry, with 
benign reagents and by-products, catalytic cycles, and high 
yields, will no doubt drive further research by present and 
future chemists. In coming chapters we shall see more exam- 
ples of green chemistry in use or under development. 


11.16 Crown Ethers 


Crown ethers are compounds having structures like that of 18-crown-6, below. 18-Crown-6 
is a cyclic oligomer of ethylene glycol. Crown ethers are named as x-crown-y, where x is 
the total number of atoms in the ring and y is the number of oxygen atoms. A key property 
of crown ethers is that they are able to bind cations, as shown below for 18-crown-6 and a 


potassium ion. 
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Review Problem 11.24 
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O О :0. | Ө) 
el CM 8 
: 0 + 70 
46 и 
18-Crown-6 


Crown ethers render many salts soluble in nonpolar solvents. For this reason they are 
called phase transfer catalysts. When a crown ether coordinates with a metal cation it 
masks the ion with a hydrocarbon-like exterior. 18-Crown-6 coordinates very effectively 
with potassium ions because the cavity size is correct and because the six oxygen atoms 
are ideally situated to donate their electron pairs to the central ion in a Lewis acid—base 
complex. 

The relationship between a crown ether and the ion it binds is called a host-guest 
relationship. 

Salts such as KF, KCN, and potassium acetate can be transferred into aprotic solvents 
using catalytic amounts of 18-crown-6. Use of a crown ether with a nonpolar solvent can 
be very favorable for an Sy2 reaction because the nucleophile (such as F~, CN, or acetate 
from the compounds just listed) is unencumbered by solvent in an aprotic solvent, while 
at the same time the cation is prevented by the crown ether from associating with the nucle- 
ophile. Dicyclohexano-18-crown-6 is another example of a phase transfer catalyst. It is even 
more soluble in nonpolar solvents than 18-crown-6 due to its additional hydrocarbon groups. 
Phase transfer catalysts can also be used for reactions such as oxidations. (There are phase 
transfer catalysts that are not crown ethers, as well.) 


0, 


Dicyclohexano-18-crown-6 


The development of crown ethers and other molecules *with structure specific interac- 
tions of high selectivity" led to awarding of the 1987 Nobel Prize in Chemistry to Charles 
J. Pedersen (retired from the DuPont Company), Donald J. Cram (University of California, 
Los Angeles, deceased 2001), and Jean-Marie Lehn (Louis Pasteur University, Strasbourg, 
France). Their contributions to our understanding of what is now called “molecular recog- 
nition" have implications for how enzymes recognize their substrates, how hormones cause 
their effects, how antibodies recognize antigens, how neurotransmitters propagate their sig- 
nals, and many other aspects of biochemistry. 


Write structures for (a) 15-crown-5 and (b) 12-crown-4. 
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THE CHEMISTRY OF... 


Transport Antibiotics and Crown Ethers 


There are several antibiotics called ionophores. Some notable 
examples are monensin, nonactin, gramicidin, and valino- 
mycin. The structures of monensin and nonactin are shown 
below. lonophore antibiotics like monensin and nonactin 
coordinate with metal cations in a manner similar to crown 
ethers. Their mode of action has to do with disrupting the nat- 
ural gradient of ions on each side of the cell membrane. 


о ё, 
Nonactin 


The cell membrane, in its interior, is like a hydrocarbon 
because it consists in this region primarily of the hydrocarbon 
portions of lipids (Chapter 23). Normally, cells must maintain 
a gradient between the concentrations of sodium and potas- 
sium ions inside and outside the cell membrane. Potassium 
ions are "pumped" in, and sodium ions are pumped out. This 
gradient is essential to the functions of nerves, transport of 
nutrients into the cell, and maintenance of proper cell vol- 
ume. The biochemical transport of sodium and potassium 
ions through the cell membrane is slow, and requires an 


expenditure of energy by the cell. (The 1997 Nobel Prize in 
Chemistry was awarded in part for work regarding sodium 
and potassium cell membrane transport.*) 

Monensin is called a carrier ionophore because it binds 
with sodium ions and carries them across the cell membrane. 
Gramicidin and valinomycin are channel-forming antibiotics 
because they open pores that extend through the mem- 
brane. The ion-trapping ability of monensin results princi- 
pally from its many ether functional groups, and as such, it 
is an example of a polyether antibiotic. Its oxygen atoms 
bind with sodium ions by Lewis acid-base interactions, 
forming the octahedral complex shown here in the molec- 
ular model. The complex is a hydrophobic "host" for the 
cation that allows it to be carried as a "guest" of monensin 
from one side of the cell membrane to the other. The trans- 
port process destroys the 
critical sodium concentration 
gradient needed for cell 
function. Nonactin is another 
ionophore that upsets the 
concentration gradient by 
binding strongly to potas- 
sium ions, allowing the 
membrane to be permeable 
to potassium ions, also 
destroying the essential con- 
centration gradient. 


The ionophore antibiotic 
monensin complexed with 
a sodium cation. 


| | 
2.9. 


Carrier (left) and channel-forming modes of transport 
ionophores. (Reprinted with permission of John Wiley & Sons, 
Inc. from Voet, D. and Voet, J. G. Biochemistry, Second Edition. 
© 1995 Voet, D. and Voet, J. G.) 


ent (Na*,K^-ATPase) earned Jens Skou (Aarhus University, Denmark) half of the 1997 Nobel Prize in Chemistry. The other half 


*Discovery and characterization of the actual molecular pump that establishes the sodium and potassium concentration gradi- 
y pump P g 


went to Paul D. Boyer (UCLA) and John E. Walker (Cambridge) for elucidating the enzymatic mechanism of ATP synthesis. 
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11.17 Summary of Reactions of Alkenes, Alcohols, and Ethers 


5 We have studied reactions in this chapter and in Chapter 8 that can be extremely useful in 
Helpful Hint D NN А Я 
designing syntheses. Most of these reactions involving alcohols and ethers аге summarized 


Some tools for synthesis. 


in Fig. 11.4 on the last page of the chapter, after the Problems. 


We can use alcohols to make alkyl halides, sulfonate esters, ethers, and alkenes. 


We can oxidize alkenes to make epoxides, diols, aldehydes, ketones, and car- 
boxylic acids (depending on the specific alkene and conditions). 


@ We can use alkenes to make alkanes, alcohols, and alkyl halides. 


@ If we have a terminal alkyne, such as could be made from an appropriate vicinal 


dihalide, we can use the alkynide anion derived from it to form carbon-carbon 
bonds by nucleophilic substitution. 


All together, we have a repertoire of reactions that can be used to directly or indirectly inter- 
convert almost all of the functional groups we have studied so far. In Section 11.17A we 
summarize some reactions of alkenes. 


еу | : 
11.17A How Alkenes Can Be Used in Synthesis 


Alkenes are an entry point to virtually all of the other functional groups that we 
have studied. 


For this reason, and because many of the reactions afford us some degree of control over 
the regiochemical and/or stereochemical form of the products, alkenes are versatile inter- 
mediates for synthesis. 


We have two methods to hydrate a double bond in a Markovnikov orientation: 
(1) oxymercuration-demercuration (Section 8.6), and (2) acid-catalyzed hydration 
(Section 8.5). 


Of these methods oxymercuration-demercuration is the most useful in the laboratory 
because it is easy to carry out and is not accompanied by rearrangements. 


We can hydrate a double bond in an anti-Markovnikov orientation by hydrob- 
oration—oxidation (Section 8.7). With hydroboration-oxidation we can also 
achieve a syn addition of the H— and — OH groups. 


Remember, too, the boron group of an organoborane can be replaced by hydrogen, deu- 
terium, or tritium (Section 8.11), and that hydroboration, itself, involves a syn addition 
of H— and —B—. 


We can add HX to a double bond in a Markovnikov sense (Section 8.2) using 
HF, НСІ, HBr, or НІ. 


We can add HBr in an anti-Markovnikov orientation (Section 10.9), by treating 
an alkene with HBr and a peroxide. (The other hydrogen halides do not undergo 
anti-Markovnikov addition when peroxides are present.) 


We can add bromine or chlorine to a double bond (Section 8.12) and the addi- 
tion is an anti addition (Section 8.13). 


We can also add X— and —OH to a double bond (i.e., synthesize a halohydrin) 
by carrying out a bromination or chlorination in water (Section 8.14). This addi- 
tion, too, is an anti addition. 


We can carry out a syn 1,2-dihydroxylation of a double bond using either 
KMnO; in cold, dilute, and basic solution or OsO, followed by NaHSO3 (Section 
8.16). Of these two methods, the latter is preferable because of the tendency of 
KMnO, to overoxidize the alkene and cause cleavage at the double bond. 
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€ We сап carry out anti 1,2-dihydroxylation of a double bond by converting the alkene 
to an epoxide and then carrying out an acid-catalyzed hydrolysis (Section 11.15). 


Equations for most of these reactions are given in the Synthetic Connections reviews 
for Chapters 7 and 8 and this chapter. "m 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are теа" 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


AC $6 Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLU S teaching and learning solution. 


NOMENCLATURE 
11.25 Give an IUPAC substitutive name for each of the following alcohols: 


OH OH 
(a) p (c) но (е) . 
OH 
b "my d (f) 
ЈУ РТ ( CY pow 


11.26 Write structural formulas for each of the following: 


(a) (Z)-But-2-en-1-ol (e) 2-Chlorohex-3-yn-1-ol (i) Diisopropyl ether 
(b) (R)-Butane-1,2,4-triol (f) Tetrahydrofuran (j) 2-Ethoxyethanol 
(c) (1R,2R)-Cyclopentane-1,2-diol (g) 2-Ethoxypentane 

(d) 1-Ethylcyclobutanol (h) Ethyl phenyl ether 


REACTIONS AND SYNTHESIS 


11.27 Provide the alkene needed to synthesize each of the following by oxymercuration-demercuration. 


OH OH OH 
EM (b) | il eo xs  @ (у 
OH 


11.28 Provide the alkene needed to synthesize each of the following by hydroboration—oxidation. 
b OH 
(a) OH (b) УМУ noH (е) (Y ~ (d) Фа 
"oH 


11.29 Starting with each of the following, outline a practical synthesis of 1-butanol: 
(a) 1-Butene (b) 1-Chlorobutane (c) 2-Chlorobutane (d) 1-Butyne 


11.30 Show how you might prepare 2-bromobutane from 
(a) 2-Butanol (b) 1-Butanol (c) 1-Butene (d) 1-Butyne 
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11.31 


11.32 


11.33 


11.34 


11.35 


11.36 
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Starting with 2-methylpropene (isobutylene) and using any other needed reagents, outline a synthesis of each of 
the following (T — tritium, D — deuterium): 


(a) pu (b) pu (е) pu (d) di Om d 


D 
Show how you might carry out the following transformations: 


iR OH P CI 
(a) — (d) — | 
ba Ро "OH 
wo Piin el OH 
(b) | —_ (e) Br — 
22 b NE d 
ИТ а 
(с) | — Br 
i See 


What compounds would you expect to be formed when each of the following ethers is refluxed with excess con- 
centrated hydrobromic acid? 


PN O O 
a O (b ^70 9 (d) б ) 
O 


(THF) 
(1,4-dioxane) 
Considering A-L to represent the major products formed in each of the following reactions, provide a structure for 
each of A through L. If more than one product can reasonably be conceived from a given reaction, include those 
as well. 


У Br 
K HBr A B 
SOCI,, 
pyr NaH 
a 
PBr, Ó CH,ONa 
poe N » > 
J OH pyr n 
50,0! 
Si—Cl LY 
(TBSCI) pyr 
NaF H,SO,, KI 
I H 140° E —F 
G 


Write structures for the products that would be formed under the conditions in Problem 11.34 if cyclopentanol had 
been used as the starting material. If more than one product can reasonably be conceived from a given reaction, 
include those as well. 


Starting with isobutane, show how each of the following could be synthesized. (You need not repeat the synthesis 
of a compound prepared in an earlier part of this problem.) 


(a) tert-Butyl bromide e) 
(b) 2-Methylpropene (g) Isobutyl (h) (i) pur (j) ons A 
(c) Isobutyl bromide methyl ether as 

(d) Isobutyl iodide 


(e) Isobutyl alcohol 
(two ways) (k) (1) s МН, (n) О 


(f) tert-Butyl bromide HO 


11.37 


11.38 


11.39 


11.40 


11.41 
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Outlined below is a synthesis of the gypsy moth sex attractant disparlure (a pheromone). Give the structure of dis- 
parlure and intermediates A-D. 


1-bromo-5-methylhexane NaNH; 
== a ———À 
HC=CNa ЕТА А (CoHis) цио В (CsHisNa) 
1- H2 MCPBA 
Tbromodecane C (С,әН3зе) [TIEN D (Сл оНаа) МЕРА, Disparlure (С На) 


Provide the reagents necessary for the following syntheses. More than one step may be required. 


OH 
KC о X 
ПО а — (d) Oo — 
OH e ad L -— 
à T pd (е N 
— e 
p ird 
e 
ee 


Predict the major product from each of the following reactions. 


(1) TsCl, pyr 
——— 
(2) EtSNa 


A OH soci, NaNH, 
(a) zy pyr (c) d OF 


(d) Nal, 4,80, 


(a) HI (excess) (e) O MeOH, cat. H,SO, (i) O (1) EtONa 
a PE (2) Mel 
О JEn O 
JO ђе Hi, o A 8, ф PES HL 


(c) Д, p H,SO,, ЊО (g) Q^ ^« НО! (1 еди.) 
O 
(d) О .MeONa, (h) p Nn MeONa | 


Provide the reagents necessary to accomplish the following syntheses. 


о MeO Me r 
(a) „~ — E = 
SEt X SEt 


(b) 
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11.42 Provide reagents that would accomplish the follwing syntheses. 


OH 


Ка) ur —t Ho À oH 


Glycerol 


О 


б У > АЈ 


Epichlorohydrin 


11.43 Write structures for compounds A-J showing stereochemistry where appropriate. 


(1) BH: THF 


(a) | (2) Н,О,, OH™ 


c GUT | NEL a 


What is the stereochemical relationship between A and C? 


OH 
| MsCI HC =CNa 


(c) 
di: di NaH с Ме! a 
OH 


| MsCl MeONa 
> 1 
руг 


> J 


What is the stereochemical relationship between H and J? 


MECHANISMS 


11.44 Write a mechanism that accounts for the following 
reaction: 


OH 
НА, oc + HOH 


11.46 Propose a reasonable mechanism for the following 
reaction. 


Br, 
—» + НВг 


11.45 


11.47 


Propose a reasonable mechanism for the following 
reaction. 


ДР УЫ H,SO, CL 
О 


Propose a reasonable mechanism for the following 
reaction. 


OH 


H,PO, (cat.), EtOH 
> 


11.48  Vicinal halo alcohols (halohydrins) can be synthesized by treating epoxides with HX. (а) Show how you would 
use this method to synthesize 2-chlorocyclopentanol from cyclopentene. (b) Would you expect the product to 
be cis-2-chlorocyclopentanol or trans-2-chlorocyclopentanol; that is, would you expect a net syn addition or a 


net anti addition of — Cl and — OH? Explain. 
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11.49  Base-catalyzed hydrolysis of the 1,2-chlorohydrin 1 is found to give a chiral glycol 2 with retention of configura- 
tion. Propose a reasonable mechanism that would account for this transformation. Include all formal charges and 
arrows showing the movement of electrons. 


11.50 Compounds of the type HO X , called a-haloalcohols, are unstable and cannot be isolated. Propose a mecha 
R В’ 
nistic explanation for why this is so. 


11.51 While simple alcohols yield alkenes on reaction with dehydrating acids, diols form carbonyl compounds. Rationalize 
mechanistically the outcome of the following reaction: 


HO OH HA O 
~ 2 


11.52 When the bicyclic alkene I, a trans-decalin derivative, reacts with a peroxy acid, II is the major product. What fac- 
tor favors the formation of II in preference to III? (You may find it helpful to build a handheld molecular model.) 


On, О 


МСРВА 
——— 


Т" 
Tin 


II (major) III (minor) 


11.53 Use Newman projection formulas for ethylene glycol (1,2-ethanediol) and butane to explain why the gauche con- 
former of ethylene glycol is expected to contribute more to its ensemble of conformers than would the gauche con- 
former of butane to its respective set of conformers. 


Challenge Problems 


11.54 When the 3-bromo-2-butanol with the stereochemical structure A is treated with concentrated HBr, it yields meso-2,3- 
dibromobutane; a similar reaction of the 3-bromo-2-butanol B yields (+)-2,3-dibromobutane. This classic experiment 
performed in 1939 by S. Winstein and H. J. Lucas was the starting point for a series of investigations of what are called 
neighboring group effects. Propose mechanisms that will account for the stereochemistry of these reactions. 


Br Me НЕ B Me 
SH r SH 
po —. ype 
Me OH Me Br 
A 2,3-Dibromobutane 
(meso) 
Br H ЯВ Вг H H Br 
versus Hy Ме =, не ae + Mem Cnty 
Me OH Me Br Br Me 
B 2,3-Dibromobutane 


(racemic) 
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11.55 


11.56 


11.57 


11.58 
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Reaction of an alcohol with thionyl chloride in the presence of a tertiary amine (e.g., pyridine) affords replacement 
of the OH group by Cl with inversion of configuration (Section 11.9). However, if the amine is omitted, the result 
is usually replacement with retention of configuration. The same chlorosulfite intermediate is involved in both cases. 
Suggest a mechanism by which this intermediate can give the chloro product without inversion. 


Draw all of the stereoisomers that are possible for 1,2,3-cyclopentanetriol. Label their chirality centers and say which 
are enantiomers and which are diastereomers. 


OH 


HO OH 


[Hint: Some of the isomers contain a “‘pseudoasymmetric center," one that has two possible configurations, each 
affording a different stereoisomer, each of which is identical to its mirror image. Such stereoisomers can only be 
distinguished by the order of attachment of R versus S groups at the pseudoasymmetric center. Of these the R group 
is given higher priority than the S, and this permits assignment of configuration as r or s, lowercase letters being 
used to designate the pseudoasymmetry.] 


Dimethyldioxirane (DMDO), whose structure is shown below, is another reagent commonly used for alkene epoxi- 
dation. Write a mechanism for the epoxidation of (Z)-2-butene by DMDO, including a possible transition state struc- 
ture. What is the by-product of a DMDO epoxidation? 


О. «CH 
UM 18 
d^ Sos, 
Dimethyldioxirane 
(DMDO) 


Two configurations can actually be envisioned for the transition state in the DMDO epoxidation of (Z)-2-butene, 
based on analogy with geometric possibilities fitting within the general outline for the transition state in a peroxy- 
carboxylic acid epoxidation of (Z)-2-butene. Draw these geometries for the DMDO epoxidation of (Z)-2-butene. 
Then, open the molecular models on the book's website for these two possible transition state geometries in the 
DMDO epoxidation of (Z)-2-butene and speculate as to which transition state would be lower in energy. 


Learning Group Problems 


1. 


Devise two syntheses for meso-2,3-butanediol starting with acetylene (ethyne) and methane. Your two pathways 
should take different approaches during the course of the reactions for controlling the origin of the stereochemistry 
required in the product. 


(a) Write as many chemically reasonable syntheses as you can think of for ethyl 2-methylpropyl ether (ethyl isobutyl 
ether). Be sure that at some point in one or more of your syntheses you utilize the following reagents (not all 
in the same synthesis, however): РВгз, ОСІ», p-toluenesulfonyl chloride (tosyl chloride), NaH, ethanol, 
2-methyl-1-propanol (isobutyl alcohol), concentrated H2SO4, На(ОАс), ethene (ethylene). 


(b) Evaluate the relative merits of your syntheses on the basis of selectivity and efficiency. [Decide which ones 
could be argued to be the “best” syntheses and which might be “poorer” syntheses.] 


Synthesize the compound shown below from methylcyclopentane and 2-methylpropane using those compounds as 
the source of the carbon atoms and any other reagents necessary. Synthetic tools you might need include 
Markovnikov or anti-Markovnikov hydration, Markovnikov or anti-Markovnikov hydrobromination, radical halo- 
genation, elimination, and nucleophilic substitution reactions. 


547 


Learning Group Problems 


Summary and Review Tools 


Some Synthetic Connections of Alkenes, Alkynes, Alcohols, Alkyl Halides, and Ethers 


Ho, Ni5B (syn) 
or 
—сес— =—— 
CEL (1) Li, EtNH, | 
(2) МН" (a peroxy acid) 
(anti) 


Nu: 
> 


(under acidic or 
basic conditions) 
Markovnikov 
(1) На(ОАс);, 

О 


НО, НА cat. 


Anti-Markovnikov 

(1) BH3:THF 

(2) H202, HO” TBSCI 
imidazole 


DO" or cor ee 


RO , E2 elim. | 
ee, a ELA Ir ER Y = (Ў 

O (Chapter 12) C 

use bulky RO ) | 


Y 
Y =H, R, or OH 
(also by alkene 
oxidation, see 

I. HX Chapter 8) 
HX (1° or 3°) 
(Markov.) or if 1° or 2° 

|. РВг 


HBr, ROOR, or 
A (Anti- I. SOC _ | | PEE rd -— 
Markov.) = а Ms or Tf) (i or s is 1?) 


NaH or Ма“, К° 


R'O" (if RX or ROTs is 1°) | | 

—C—C—oR' 
Bro, hv or A | 

(best if RH is 3°) 


* Alkynes to alkenes 

* Alkenes and alcohols 

* Alcohols and alkyl halides 

* Alkenes and alkyl halides 

* Alcohols and ethers 

* Alkenes, epoxides, and 1,2-diols 
* Alkanes to alkyl halides 

* Alcohol silyl protecting group 

* Alcohols to carbonyl compounds 


Figure 11.4 Some synthetic connections of alkynes, alkenes, alcohols, alkyl halides, and ethers. 


Alcohols from 

Carbonyl Compounds 
Oxidation-Reduction and Organometallic 
Compounds 


Some reactions with carbonyl compounds involve reagents that we transfer by syringe to keep them away from 
moisture and air. 


Ask an organic chemist about their favorite functional group, and many will probably name a group that con- 
tains a carbonyl group. Why? Because carbonyl groups are at the heart of many key functional groups such as 
aldehydes, ketones, carboxylic acids, amides, and others. The carbonyl group is also very versatile. It serves as 
a nexus for interconversions between a number of functional groups. Add to these factors that reactions of car- 
bonyl groups include two fascinating and related mechanistic pathways—nucleophilic addition and nucleophilic 
addition-elimination—and you have one blockbuster group in terms of its chemistry. 

Another important aspect of carbonyl groups is that many natural and synthetic compounds contain them. 
We have previously mentioned a few, such as vanillin, androsterone, and others. Carbonyl groups are intrinsic 
to synthetic materials such as nylon and certain other polymers, as well. And, carbonyl groups are central to the 
organic chemistry of life, as well, which we shall see later when we discuss carbohydrates and other aspects of 
biological chemistry. Now, therefore, is a good time to introduce you to some methods for interconverting car- 
bonyl compounds with alcohols, and how we can use carbonyl compounds for carbon-carbon bond-forming 
reactions with organometallic reagents. This will prepare us for delving into other aspects of carbonyl chemistry 
later in the book. We begin with an introduction and some review. 
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12.1 Structure of the Carbonyl Group 


Carbonyl compounds are a broad group of compounds that includes aldehydes, ketones, 
carboxylic acids, esters, and amides. 


e An а се С ad 


The carbonyl An aldehyde A ketone A carboxylic An ester An amide 
group acid 
The carbonyl carbon atom is sp? hybridized; thus it and the three atoms attached to it 
lie in the same plane. The bond angles between the three attached atoms are what we would 
expect of a trigonal planar structure; they are approximately 120°: 


The carbon-oxygen double bond consists of two electrons in a с bond and two elec- 
trons in a 7 bond. The 7 bond is formed by overlap of the carbon p orbital with a p orbital 
from the oxygen atom. The electron pair in the т bond occupies both lobes (above and below 
the plane of the o bonds). 


P sim Е. 

У ар из на 
| ) The т bonding 

4J molecular orbital of 

formaldehyde (HCHO). 

The electron pair of 

the 7 bond occupies 


both lobes. 


x 
А 


n 


@ The more electronegative oxygen atom strongly attracts the electrons of both the 
с bond and the 7 bond, causing the carbonyl group to be highly polarized; the car- 
bon atom bears a substantial positive charge and the oxygen atom bears a substan- 
tial negative charge. 


Polarization of the т bond can be represented by the following resonance structures for the 
carbonyl group: 


vey :б о 
FETA S x А 
Resonance structures for the carbonyl group Hybrid 


Evidence for the polarity of the carbon-oxygen bond can be found in the rather large 
dipole moments associated with carbonyl compounds. 


An electrostatic 
potential map 
for acetone 
indicates the 
polarity of the 
carbonyl group. 


H H 


Formaldehyde Acetone 
џи = 2.27 D џи = 2.88 D 
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12.1A Reactions of Carbonyl Compounds with Nucleophiles 


One of the most important reactions of carbonyl compounds is nucleophilic addition to 
the carbonyl group. The carbonyl group is susceptible to nucleophilic attack because, as 
we have just seen, the carbonyl carbon bears a partial positive charge. 


€ When a nucleophile adds to the carbonyl group, it uses an electron pair to form a 
bond to the carbonyl carbon atom and an electron pair from the carbon-oxygen 
double bond shifts out to the oxygen: 


: "e 
w K A 


Nu 


As the reaction takes place, the carbon atom undergoes a change from trigonal planar 
geometry and sp? hybridization to tetrahedral geometry and sp? hybridization. 


€ Two important nucleophiles that add to carbonyl compounds are hydride ions 
from compounds such as NaBH; or ЦАЈН, (Section 12.3) and carbanions from 
compounds such as RLi or RMgX (Section 12.7C). 


Another related set of reactions are reactions in which alcohols and carbonyl compounds 
are oxidized and reduced (Sections 12.2-12.4). For example, primary alcohols can be oxi- 
dized to aldehydes, and aldehydes can be reduced to alcohols: 


:OH јој 
PM oxidation pu 
————9 
R H H reduction R H 
A primary An aldehyde 
alcohol 


Let us begin by examining some general principles that apply to the oxidation and reduc- 
tion of organic compounds. 


12.2 Oxidation-Reduction Reactions in Organic Chemistry 


€ Reduction of an organic molecule usually corresponds to increasing its hydrogen 
content or to decreasing its oxygen content. 


For example, converting a carboxylic acid to an aldehyde is a reduction because the oxy- 


gen content is decreased: 
| Oxygen content decreases | 


о о 
Д. —— A 
R OH reduction R H 
Carboxylic Aldehyde 

acid 


Converting an aldehyde to an alcohol is a reduction: 


| Hydrogen content = 


A. - p 
R H reduction R H 
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Converting an alcohol to an alkane is also a reduction: 


| Oxygen content decreases | 


OH 
A —H ,  RcH, 
R ü H reduction 


In these examples we have used the symbol [H] to indicate that a reduction of the organic 
compound has taken place. We do this when we want to write a general equation without 
specifying what the reducing agent is. 


@ The opposite of reduction is oxidation. Increasing the oxygen content of an 
organic molecule or decreasing its hydrogen content is an oxidation. 


The reverse of each reaction that we have just given is an oxidation of the organic mol- 
ecule, and we can summarize these oxidation-reduction reactions as shown below. We use 
the symbol [O] to indicate in a general way that the organic molecule has been oxidized. 


OH о 


о 


[H] R H H [H] R H [H] R OH Note the general interpretation of 


Lowest Highest oxidation-reduction regarding 
oxidation oxidation organic compounds. 
state state 


ө Oxidation of an organic compound may be more broadly defined as a reaction that 
increases its content of any element more electronegative than carbon. 


For example, replacing hydrogen atoms by chlorine atoms is an oxidation: 


(е) (е) (е) 
Ar—CH, EE Ar—CH,CI EE Ar—CHCI, E Ar—CCI, 


Of course, when an organic compound is reduced, something else—the reducing 
agent—must be oxidized. And when an organic compound is oxidized, something else— 
the oxidizing agent—is reduced. These oxidizing and reducing agents are often inorganic 
compounds, and in the next two sections we shall see what some of them are. 


12.2A Oxidation States in Organic Chemistry 


One method for assigning oxidation states in organic compounds is similar to the method we 
used for assigning formal charges (Section 1.7). We base the assignment on the groups 
attached to the carbon (or carbons) whose oxidation state undergoes change in the reac- 
tion we are considering. Recall that with formal charges we assumed that electrons in cova- 
lent bonds are shared equally. When assigning oxidation states to carbon atoms we assign 
electrons to the more electronegative element (see Section 1.4A and Table 1.2). For example, 


a bond to hydrogen (or to any atom less electronegative than carbon) makes that carbon neg- Poise Hin 
ative by one unit (— 1), and a bond to oxygen, nitrogen, or a halogen (F, Cl, and Br) makes the elpful [Ліп 
carbon positive by one unit (+1). A bond to another carbon does not change its oxidation state. A method for balancing organic 


. : : à vous idation-reducti tions i 
Using this method the carbon atom of methane, for example, is assigned an oxidation ul ле in the Study Guide Ta 


state of —4, and that of carbon dioxide, +4. accompanies this text. 


Solved Problem 12.1 


Using the method just described, assign oxidation states to the carbon atoms of methanol (CH3OH), formaldehyde 
(HCHO), and formic acid (HCO5H) and arrange these compounds along with carbon dioxide and methane (see 
above) in order of increasing oxidation state. 

(continues on the next page) 
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STRATEGY AND ANSWER We calculate the oxidation state of each carbon based on the number of bonds it is 
forming to atoms more (or less) electronegative than carbon. 


H Bonds to C © Bonds to C О Bonds to C 
3toH = -3 || 1toH- -1 || 2t0H--2 
Н—С— ОН 1100 = +1 C 3 to O = +3 C 2100 = +2 
22 22 
Total — —2 H^ `OH Total = +2 H^ ^H Total = 0 
H = Oxid. state of C = Oxid. state of C = Oxid. state of C 
Methanol Formic acid Formaldehyde 


The order overall, based on the oxidation state of carbon in each compound, is 
CH, = —4 < CH30H = -2 < HCHO = 0 < НСООН = +2 < СО, = +4 


Lowest Highest 
Oxid. state Oxid. state 
of carbon of carbon 


Review Problem 12.1 о О 
„он [о A [O] РА 
— = 
H OH 
Ethanol Acetaldehyde Acetic acid 
(a) Assign oxidation states to each carbon of ethanol, acetaldehyde, and acetic acid. 


(b) What do these numbers indicate about the oxidation reactions? 


Review Problem 12.2 (a) Although we have described the hydrogenation of an alkene as an addition reaction, 
organic chemists often refer to it as a "reduction." Use the method described in Section 
12.2A for assigning oxidation states to explain this usage of the word "reduction". 


di E a 


(b) Provide a similar analysis for this reaction: 
" H 
panca 
H 


12.3 Alcohols by Reduction of Carbonyl Compounds 


Primary and secondary alcohols can be synthesized by the reduction of a variety of com- 
pounds that contain the carbonyl group. Several general examples are shown here: 


о 
H Pdl" 
Д. HL, g^ “он 
R OH 

Carboxylic acid 1? Alcohol 

Unl | ? 
nless special precautions are [H] о 
taken, lithium aluminum hydride Д. : — R OH (+ R'OH) 
reductions can be very dangerous. R OR 
You should consult an appropriate Ester 1° Alcohol 
laboratory manual before 
attempting such a reduction, and 
the reaction should be carried out o [H] o [H] zu 
on a small scale. pu — Ре EN — 
А H R OH R R' R R' 


Aldehyde 1? Alcohol Ketone 2? Alcohol 
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12.3A Lithium Aluminum Hydride 


e@ Lithium aluminum hydride (LiAlH4, abbreviated LAH) reduces carboxylic acids 
and esters to primary alcohols. 


An example of lithium aluminum hydride reduction is conversion of 2,2-dimethylpropanoic 
acid to 2,2-dimethylpropanol (neopentyl alcohol). 


2 (1) ЦАН, in ELO P 
COH (2) H,O/H,SO, 


2,2-Dimethylpropanoic Neopentyl alcohol 
acid (92%) 


LAH reduction of an ester yields two alcohols, one derived from the carbonyl part of the 
ester group, and the other from the alkoxyl part of the ester. 


O 


(1) LAH in ELO p 
Se 165 , 
- re ноо В ON + MOH 


Carboxylic acids and esters are more difficult to reduce than aldehydes and ketones. 
LAH, however, is a strong enough reducing agent to accomplish this transformation. Sodium 
borohydride (NaBH4), which we shall discuss shortly, is commonly used to reduce alde- 
hydes and ketones, but it is not strong enough to reduce carboxylic acids and esters. 

Great care must be taken when using LAH to avoid the presence of water or any other 
weakly acidic solvent (e.g., alcohols). LAH reacts violently with proton donors to release 
hydrogen gas. Anhydrous diethyl ether (ЕО) is a commonly used solvent for LAH reduc- 
tions. After all of the LAH has been consumed by the reduction step of the reaction, however, 
water and acid are added to neutralize the resulting salts and facilitate isolation of the alco- 
hol products. The stoichiometry of the LAH reduction of a carboxylic acid is shown below. 

4RCO,H + 3LiAIH, => [(RCH,OJAI]Li + 4H, + 2LiAIO, 
Lithium RR 
e. #7724, АВСЊОН + AL(SO), + Li,SO, 


12.3B Sodium Borohydride 
@ Aldehydes and ketones are easily reduced by sodium borohydride (NaBHy,). 


Sodium borohydride is usually preferred over LAH for the reduction of aldehydes and 
ketones. Sodium borohydride can be used safely and effectively in water as well as alco- 
hol solvents, whereas special precautions are required when using LAH. 


О 
pur NaBH, ZN 
Ва он 
Butanal s 1-Butanol 
(85%) 
O NaBH, OH 
<2 ма ч 
Виїапопе 2-Butanol 
(87%) 


Aldehydes and ketones can be reduced using hydrogen and a metal catalyst, as well, and 
by sodium metal in an alcohol solvent. 
The stoichiometry of NaBH; reduction of an aldehyde (or ketone) is as follows. 


| 
4 RCH + NaBH, + 3H,0 —9 4RCH,OH + Ман, ВО, 
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The key step in the reduction of a carbonyl compound by either lithium aluminum 
hydride or sodium borohydride is the transfer of a hydride ion from the metal to the car- 
bonyl carbon. In this transfer the hydride ion acts as a nucleophile. The mechanism for the 
reduction of a ketone by sodium borohydride is illustrated here. 


A MECHANISM FOR THE REACTION 


Reduction of Aldehydes and Ketones by Hydride Transfer 


ô- 


H О 
Ё 3 
+ 
| Moe R’ 
H 


Hydride transfer 


o~ нон 


ЕЕ 


Alkoxide ion Alcohol 


These steps are repeated until all hydrogen atoms attached to boron have been transferred. 


When the enzyme alcohol dehydrogenase converts 
acetaldehyde to ethanol, NADH acts as a reducing agent 
by transferring a hydride from C4 of the nicotinamide ring 
to the carbonyl group of acetaldehyde. The nitrogen of the 
nicotinamide ring facilitates this process by contributing its 
nonbonding electron pair to the ring, which together with 
loss of the hydride converts the ring to the energetically 
more stable ring found in NAD* (we shall see why it is more 
stable in Chapter 14). The ethoxide anion resulting from 
hydride transfer to acetaldehyde is then protonated by the 
enzyme to form ethanol. 

Although the carbonyl carbon of acetaldehyde that 
accepts the hydride is inherently electrophilic because of 
its electronegative oxygen, the enzyme enhances this prop- 
erty by providing a zinc ion as a Lewis acid to coordinate 
with the carbonyl oxygen. The Lewis acid stabilizes the 
negative charge that develops on the oxygen in the tran- 
sition state. The role of the enzyme's protein scaffold, then, 
is to hold the zinc ion, coenzyme, and substrate in the 
three-dimensional array required to lower the energy of the 
transition state. The reaction is entirely reversible, of 
course, and when the relative concentration of ethanol is 
high, alcohol dehydrogenase carries out the oxidation of 
ethanol by removal of a hydride. This role of alcohol dehy- 
drogenase is important in detoxification. In "The Chemistry 


Alcohol Dehydrogenase—A Biochemical Hydride Reagent 


THE CHEMISTR 


ОЁ. . . Stereoselective Reductions of Carbonyl Groups" we 
discuss the stereochemical aspect of alcohol dehydroge- 
nase reactions. 


Ethanol 


12.3C Overall Summary of LiAIH, and NaBH, Reactivity 


Sodium borohydride is a less powerful reducing agent than lithium aluminum hydride. 
Lithium aluminum hydride reduces acids, esters, aldehydes, and ketones, but sodium boro- 
hydride reduces only aldehydes and ketones: 
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Reduced by LiAIH, 


Reduced by NaBH, 


О О 


О О 
< 
mM M 


Lithium aluminum hydride reacts violently with water, and therefore reductions with 
lithium aluminum hydride must be carried out in anhydrous solutions, usually in anhydrous 
ether. (Ethyl acetate is added cautiously after the reaction is over to decompose excess 
LiAIH4; then water is added to decompose the aluminum complex.) Sodium borohydride 
reductions, by contrast, can be carried out in water or alcohol solutions. 


Which reducing agent, LiAIH, or NaBH4, would you use to carry out the following trans- Review Problem 12.3 
formations? 
(a) О 


он ТФ 
— 
O 


(b) 
OH 
OH 
—ә 
OH 
О 
(с) 
OMe OMe 
H —> HO 
О 


THE CHEMIST 


Stereoselective Reductions of Carbonyl Groups 


Enantioselectivity lead to a predominance of one enantiomeric form of a chi- 
ral product. Such a reaction is said to be enantioselective. 
Thus, when enzymes like alcohol dehydrogenase reduce car- 
bonyl groups using the coenzyme NADH (see "The 
Chemistry of... Alcohol Dehydrogenase”), they discrimi- 
nate between the two faces of the trigonal planar carbonyl 
substrate, such that a predominance of one of the two pos- 
sible stereoisomeric forms of the tetrahedral product results. 


The possibility of stereoselective reduction of a carbonyl 
group is an important consideration in many syntheses. 
Depending on the structure about the carbonyl group that 
is being reduced, the tetrahedral carbon that is formed by 
transfer of a hydride could be a new chirality center. Achiral 
reagents, like NaBH, and LiAIH,4, react with equal rates at 
either face of an achiral trigonal planar substrate, leading to 
a racemic form of the product. But enzymes, for example, 
are chiral, and reactions involving a chiral reactant typically (continues on the next page) 
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(If the original reactant was chiral, then formation of the new 
chirality center may result in preferential formation of one 
diastereomer of the product, in which case the reaction is 
said to be diastereoselective.) 


Thermophilic bacteria, growing in hot springs like these at 
Yellowstone National Park, produce heat-stable enzymes called 
extremozymes that have proven useful for a variety of chemical 
processes. 


The two faces of a trigonal planar center are designated 
re and si, according to the direction of Cahn-Ingold-Prelog 
priorities (Section 5.7) for the groups bonded at the trigo- 
nal center when viewed from one face or the other (re is 
clockwise, si is counterclockwise): 


ae 


2 
Pa. 
C Io 


«^ 
oN si face (when looking at this face, there is 


ИИСИ, а counterclockwise sequence of priorities) 


The re and si faces of a carbonyl group 
(where О > 18 > 28 in terms of 
Cahn-Ingold-Prelog priorities) 


re face (when looking at this face, there 
is a clockwise sequence of priorities) 


The preference of many NADH-dependent enzymes for 
either the re or si face of their respective substrates is known. 
This knowledge has allowed some of these enzymes to 
become exceptionally useful stereoselective reagents for 
synthesis. One of the most widely used is yeast alcohol 
dehydrogenase. Others that have become important are 
enzymes from thermophilic bacteria (bacteria that grow at 
elevated temperatures). Use of heat-stable enzymes (called 
extremozymes) allows reactions to be completed faster due 
to the rate-enhancing factor of elevated temperature (over 
100 °C in some cases), although greater enantioselectivity 
is achieved at lower temperatures. 


О 
"wm Thermoanaerobium brockii 
» 


HO H 


96% enantiomeric excess 
(85% yield) 
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A number of chemical reagents that are chiral have also 
been developed for the purpose of stereoselective reduc- 
tion of carbonyl groups. Most of them are derivatives of stan- 
dard aluminum or boron hydride reducing agents that 
involve one or more chiral organic ligands. (S)-Alpine-Borane 
and (R)-Alpine-Borane, for example, are reagents derived 
from diborane (В2Нқ) and either (—)-a-pinene or (+)-a- 
pinene (enantiomeric natural hydrocarbons), respectively. 
Reagents derived from LiAIH4 and chiral amines have also 
been developed. The extent of stereoselectivity achieved 
either by enzymatic reduction or reduction by a chiral reduc- 
ing agent depends on the specific structure of the substrate. 


& 


(R)-Alpine-Borane 


Often it is necessary to test several reaction conditions in 
order to achieve optimal stereoselectivity. 


O 


S Sane Baan 


97% enantiomeric excess 
(60-65% yield) 


Prochirality 


A second aspect of the stereochemistry of NADH reactions 
results from NADH having two hydrogens at C4, either of 
which could, in principle, be transferred as a hydride in a 
reduction process. For a given enzymatic reaction, however, 
only one specific hydride from C4 in NADH is transferred. 
Just which hydride is transferred depends on the specific 
enzyme involved, and we designate it by a useful extension 
of stereochemical nomenclature. The hydrogens at C4 of 
NADH are said to be prochiral. We designate one pro-R, 
and the other pro-S, depending on whether the configura- 
tion would be R or S when, in our imagination, each is 
replaced by a group of higher priority than hydrogen. If this 
exercise produces the R configuration, the hydrogen 
"replaced" is pro-R, and if it produces the S configuration it 
is pro-S. In general, a prochiral center is one for which addi- 
tion of a group to a trigonal planar atom (as in reduction of 
a ketone) or replacement of one of two identical groups at 
a tetrahedral atom leads to a new chirality center. 


C—O 
"d 
H;N 
Nicotinamide ring of NADH, showing the рго-В and 
pro-S hydrogens 
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12.4 Oxidation of Alcohols 


12.4A Oxidation of Primary Alcohols to Aldehydes: 
АСН,ОН —> RCHO 


Primary alcohols can be oxidized to aldehydes and carboxylic acids: 


О о 
aon 10 JL 9, JL 


1? Alcohol R 4 R on 
Aldehyde Carboxylic acid 


@ The oxidation of aldehydes to carboxylic acids in aqueous solutions is easier than 
oxidation of primary alcohols to aldehydes. 


@ Itis, therefore, difficult to stop the oxidation of a primary alcohol at the aldehyde 
stage unless specialized reagents are used. 


An excellent reagent to use for converting a primary alcohol to an aldehyde is pyridinium 
chlorochromate (abbreviated PCC), the compound formed when СгОз is dissolved in 
hydrochloric acid and then treated with pyridine: 


Сто, + НС! + a m 4 ен CrO,CI- 


Pyridine Pyridinium chlorochromate 
(C.H;N) (PCC) 


@ PCC, when dissolved in methylene chloride (CH2Cl2), will oxidize a primary alco- 
hol to an aldehyde and stop at that stage: 


о 
OH H 
PCC 
——— 
CH,Cl, 
2-Ethyl-2-methyl-1- 2-Ethyl-2-methylbutanal 


butanol 


€ PCC will also oxidize a secondary alcohol to a ketone. 


OH BOG O 


— 
CH,Cl, 


Pyridinium chlorochromate does not attack double bonds. 

One reason for the success of oxidation with pyridinium chlorochromate is that the oxi- 
dation can be carried out in a solvent such as СН2СІ», in which PCC is soluble. Aldehydes 
themselves are not nearly so easily oxidized as are the aldehyde hydrates, RCH(OH)ps, that 
form (Section 16.7A) when aldehydes are dissolved in water, the usual medium for oxida- 
tion by chromium compounds: 


We explain this further in Section 12.4D. 
12.4B Oxidation of Primary Alcohols to Carboxylic Acids: 


@ Primary alcohols can be oxidized to carboxylic acids by potassium permanganate 
(KMnO,), or chromic acid (H2CrO,). 
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Helpful Hin: 


The color change from orange to 
green that accompanies this 
change in oxidation state allows 
chromic acid to be used as a test 
for primary and secondary alcohols 
(Section 12.4E). 
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(Both KMnO; and H2CrO; can also be used to oxidize a secondary alcohol to a ketone, 
as we shall see in Section 12.4C.) The reaction with KMnO, is usually carried out in basic 
aqueous solution, from which MnO% precipitates as the oxidation takes place. After the 
oxidation is complete, filtration allows removal of the МпО and acidification of the fil- 
trate gives the carboxylic acid: 


O O 
KMnO,, ОН“ H,O* 
> > + 
R^ "oH H,O, A л. "T" MnO, 


The following is an example with H2CrO4. 


O 
Ди te AL 
OH OH 


12.4C Oxidation of Secondary Alcohols to Ketones: 
OH 0 


| 
RCHR’— ВСВ’ 


Secondary alcohols can be oxidized to ketones. The reaction usually stops at the ketone 
stage because further oxidation requires the breaking of a carbon-carbon bond: 


OH O 
PN 18. A 
R R' R R' 
2° Alcohol Ketone 


Various oxidizing agents based on Cr(VI) have been used to oxidize secondary alcohols 
to ketones. The most commonly used reagent is chromic acid (H2CrO4). Chromic acid is 
usually prepared by adding Cr(VI) oxide (CrO3) or sodium dichromate (Ма2СтО7) to aque- 
ous sulfuric acid, a mixture known as Jones reagent. Oxidations of secondary alcohols are 
generally carried out by adding Jones reagent to a solution of the alcohol in acetone or acetic 
acid. This procedure rarely affects double bonds present in the molecule. The balanced equa- 
tion is shown here: 


OH о 
ПРИ + 2H,CrO, + 6H* —> за + 268» + ВЊО 


As chromic acid oxidizes the alcohol to the ketone, chromium is reduced from the +6 oxi- 
dation state (H2CrO,4) to the +3 oxidation state (Cr?*). Chromic acid oxidations of sec- 
ondary alcohols generally give ketones in excellent yields if the temperature is controlled. 
A specific example is the oxidation of cyclooctanol to cyclooctanone: 


H 
р H,CrO, 9 
— 
acetone 
35°C 


Cyclooctanol Cyclooctanone 
(92-96%) 


PCC will also oxidize a secondary alcohol to a ketone. 


12.4D Mechanism of Chromate Oxidations 


The mechanism of chromic acid oxidations of alcohols has been investigated thoroughly. 
It is interesting because it shows how changes in oxidation states occur in a reaction between 
an organic and an inorganic compound. The first step is the formation of a chromate ester 
of the alcohol. Here we show this step using a 2° alcohol. 
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A MECHANISM FOR THE REACTION 


Chromate Oxidations: Formation of the Chromate Ester 


| 
H—0:^x 
H Sl 
ње b Di ne So: 
CM S D Е 
Step 1 ES + H—O—Cr—ọỌ = РЦ ===> 
HC н A H,C T en ret 
È „O. СЕ 
2° Alcohol —H zi H H 
H One oxygen loses a proton; another 
The alcohol donates an electron pair to the oxygen accepts a proton. 
chromium atom, as an oxygen accepts a proton. 
о 
| re TE T 
H,C O-—Cr—O: H,C O——Cr—0O, 
Ww NS NS М | : : 
C :O: :орн ~—_ C :0: 1:0- H 
ZS | | = 21 | 
H,C H H H H,C H Н H 


Chromate ester 


A molecule of water departs as a leaving group 
as a chromium-oxygen double bond forms. 


The chromate ester is unstable and is not isolated. It transfers a proton to a base (usually water) and simultaneously 
eliminates an HCrO; ion. 


Chromate Oxidations: The Oxidation Step 


NS med 
He Jes iege 0 +:€r—O: + H—0*—H 
Step 2 C n H,C | | 
н,с^ 5 | Ketone | 
H H 
+ 
0 
H 


The chromium atom departs with a pair of electrons that formerly belonged 
to the alcohol; the alcohol is thereby oxidized and the chromium reduced. 


The overall result of the second step is the reduction of HCrO4 to HCrOs , a two-elec- 
tron (2 e ) change in the oxidation state of chromium, from Cr(VI) to Cr(IV). At the same 
time the alcohol undergoes a 2 е oxidation to the ketone. 

The remaining steps of the mechanism are complicated and we need not give them in 
detail. Suffice it to say that further oxidations (and disproportionations) take place, ultimately 
converting Cr(IV) compounds to Cr?* ions. 

The requirement for the formation of a chromate ester in step 1 of the mechanism helps 
us understand why 1? alcohols are easily oxidized beyond the aldehyde stage in aqueous 
solutions (and, therefore, why oxidation with PCC in СН2СІ» stops at the aldehyde stage). 
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The aldehyde initially formed from the 1? alcohol (produced by a mechanism similar to 
the one we have just given) reacts with water to form an aldehyde hydrate. The aldehyde 
hydrate can then react with НСгО (and H^) to form a chromate ester, and this can then 
be oxidized to the carboxylic acid. In the absence of water (1.е., using PCC in CH2Cl»), the 
aldehyde hydrate does not form; therefore, further oxidation does not take place. 


R R © в он 
МА (а NN NO v HCrO, , H* 
0 7 P 
Н а. ЧН ЫН н“ ^o—H 
| | Aldehyde hydrate 
H H 
1 
R о 
S 
P 1 S un 
ныр” `H 2 осон — о + HCrO; + НО“ 
H Ó 


Carboxylic acid 


The elimination that takes place in step 2 of the preceding mechanism helps us to under- 
stand why 3? alcohols do not generally react in chromate oxidations. Although 3? alcohols 
have no difficulty in forming chromate esters, the ester that is formed does not bear a hydro- 
gen that can be eliminated, and therefore no oxidation takes place. 


R O—H R O—Cr—O—H 
NN NM | 
C + -O—Cr—O—H + Ht === C Ó + H,O 
Z N Z N 
R R R R 
3? Alcohol This chromate ester 


cannot undergo 
elimination of H,CrO, 
because there is no 
hydrogen bonded 
to the alcohol carbon. 


12.4E A Chemical Test for Primary and Secondary Alcohols 


The relative ease of oxidation of primary and secondary alcohols compared with the diffi- 
culty of oxidizing tertiary alcohols forms the basis for a convenient chemical test. Primary 
and secondary alcohols are rapidly oxidized by a solution of СтОз in aqueous sulfuric acid. 
Chromic oxide (CrO3) dissolves in aqueous sulfuric acid to give a clear orange solution 
containing Ст07— ions. A positive test is indicated when this clear orange solution 
becomes opaque and takes on a greenish cast within 2 seconds: 


RCH,OH 
or +CrO,/aqueous H,SO, ——> Cr? and oxidation products 
EM 
H 
Clear orange solution Greenish opaque solution 


Not only will this test distinguish primary and secondary alcohols from tertiary alcohols, 
it will distinguish primary and secondary alcohols from most other compounds except alde- 
hydes. This color change, associated with the reduction of Сг2052 to Cr?*, is also the basis 
for “Breathalyzer tubes,” used to detect intoxicated motorists. In the Breathalyzer the dichro- 
mate salt is coated on granules of silica gel. 
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Solved Problem 12.2 


Which reagents would you use to accomplish the following transformations? 
O 


OH (a) OH 


STRATEGY AND ANSWER 


(a) To oxidize a primary alcohol to a carboxylic acid, use (1) potassium permanganate in aqueous base, followed 
by (2) H3O'*, or use chromic acid (H2CrO,). 


(b) To reduce a carboxylic acid to a primary alcohol, use LIAIH4. 
(c) To oxidize a primary alcohol to an aldehyde, use pyridinium chlorochromate (PCC). 


(d) To reduce an aldehyde to a primary alcohol, use NaBH; (preferably) or ЦАЈН,. 


Show how each of the following transformations could be accomplished: Review Problem 12.4 


OH 
села eC 
О О 
» Сун Су є utat е: 
H 


12.4F Spectroscopic Evidence for Alcohols 
€ Alcohols give rise to broad O—H stretching absorptions from 3200 to 3600 ст“ ! 
in infrared spectra. 


е The alcohol hydroxyl hydrogen typically produces a broad 'H NMR signal of vari- 
able chemical shift which can be eliminated by exchange with deuterium from 
020 (see Table 9.1). 


@ Hydrogen atoms on the carbon of a primary or secondary alcohol produce a signal 
in the 'H NMR spectrum between ô 3.3 and 8 4.0 (see Table 9.1) that integrates 
for 2 and 1 hydrogens, respectively. 


€ The !3С NMR spectrum of an alcohol shows a signal between ô 50 and 6 90 for 
the alcohol carbon (see Table 9.2). 


12.5 Organometallic Compounds 


€ Compounds that contain carbon-metal bonds are called organometallic compounds. 


The nature of the carbon-metal bond varies widely, ranging from bonds that are essentially 
ionic to those that are primarily covalent. Whereas the structure of the organic portion of 
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Helpful Hint 


A number of organometallic 
reagents are very useful for 
carbon-carbon bond forming 
reactions (see Section 12.8, and 
Special Topic G). 
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the organometallic compound has some effect on the nature of the carbon-metal bond, the 
identity of the metal itself is of far greater importance. Carbon-sodium and carbon-potas- 
sium bonds are largely ionic in character; carbon-lead, carbon-tin, carbon-thallium, and 
carbon-mercury bonds are essentially covalent. Carbon-lithium and carbon-magnesium 
bonds lie between these extremes. 
| |а ô+ | 
—C:-M* —C: —C—M 
| | | 
Primarily ionic Primarily covalent 
(M = Ма" or K^) (M = Mg or Li) (M = Pb, Sn, Hg, or TI) 


The reactivity of organometallic compounds increases with the percent ionic character of 
the carbon-metal bond. Alkylsodium and alkylpotassium compounds are highly reactive and 
are among the most powerful of bases. They react explosively with water and burst into flame 
when exposed to air. Organomercury and organolead compounds are much less reactive; they 
are often volatile and are stable in air. They are all poisonous. They are generally soluble in 
nonpolar solvents. Tetraethyllead, for example, was once used as an “antiknock” compound 
in gasoline, but because of the lead pollution it contributed to the environment it has been 
replaced by other antiknock agents. tert-Butyl methyl ether is another antiknock additive, 
though there are concerns about its presence in the environment, as well. 

Organometallic compounds of lithium and magnesium are of great importance in organic 
synthesis. They are relatively stable in ether solutions, but their carbon—metal bonds have 
considerable ionic character. Because of this ionic nature, the carbon atom that is bonded 
to the metal atom of an organolithium or organomagnesium compound is a strong base and 
powerful nucleophile. We shall soon see reactions that illustrate both of these properties. 


12.6 Preparation of Organolithium and Organomagnesium Compounds 


12.6A Organolithium Compounds 


Organolithium compounds are often prepared by the reduction of organic halides with 
lithium metal. These reductions are usually carried out in ether solvents, and since organo- 
lithium compounds are strong bases, care must be taken to exclude moisture. (Why?) The 
ethers most commonly used as solvents are diethyl ether and tetrahydrofuran. 
(Tetrahydrofuran is a cyclic ether.) 


POE s | ) 


= О. 
Diethyl ether Tetrahydrofuran 
(Еї,0) (ТНР) 


9 Organolithium compounds are prepared in this general way: 


вх + sp Ss mu + ox 


(or Ar—X) (or ArLi) 


The order of reactivity of halides is RI > RBr > RCI. (Alkyl and aryl fluorides are seldom 
used in the preparation of organolithium compounds.) 

For example, butyl bromide reacts with lithium metal in diethyl ether to give a solution 
of butyllithium: 


Butyl bromide —10°C Butyllithium 
(80-90%) 


Several alkyl- and aryllithium reagents are commercially available in hexane and other 
hydrocarbon solvents. 
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12.6B Grignard Reagents 


Organomagnesium halides were discovered by the French chemist Victor Grignard in 1900. 
Grignard received the Nobel Prize for his discovery in 1912, and organomagnesium halides 

are now called Grignard reagents in his honor. Grignard reagents have great use in organic 
synthesis. 


@ Grignard reagents are prepared by the reaction of an organic halide with magne- 
sium metal in an anhydrous ether solvent: 


Et,O 
RX + Mg —— RMgX Grignard 
reagents 


АХ + Mg 0. ArMgx 


The order of reactivity of halides with magnesium is also RI > RBr > RCI. Very few organo- 
magnesium fluorides have been prepared. Aryl Grignard reagents are more easily prepared 
from aryl bromides and aryl iodides than from aryl chlorides, which react very sluggishly. 
Once prepared, a Grignard reagent is usually used directly in a subsequent reaction. 

The actual structures of Grignard reagents are more complex than the general formula 
RMgX indicates. Experiments have established that for most Grignard reagents there is an 
equilibrium between an alkylmagnesium halide and a dialkylmagnesium. 


2 RMgX = RəMg + МХ 
Alkylmagnesium halide Dialkylmagnesium 


For convenience in this text, however, we shall write the formula for the Grignard reagent 
as though it were simply RMgX. 

A Grignard reagent forms a complex with its ether solvent; the structure of the complex 
can be represented as follows: 


R R 
Ö 


R—Mg—X 
/ A 
R R 
Complex formation with molecules of ether is an important factor in the formation and sta- 
bility of Grignard reagents. 

The mechanism by which Grignard reagents form is complicated and has been a mat- 
ter of debate. There seems to be general agreement that radicals are involved and that a 
mechanism similar to the following is likely: 

R—X + Ма —> R + MgX 
R- + -MgX —> RMgX 


12.7 Reactions of Organolithium and Organomagnesium Compounds 


12.7A Reactions with Compounds Containing Acidic 
Hydrogen Atoms 


ө Grignard reagents and organolithium compounds are very strong bases. They react 
with any compound that has a hydrogen atom attached to an electronegative atom 
such as oxygen, nitrogen, or sulfur. 


We can understand how these reactions occur if we represent the Grignard reagent and 
organolithium compounds in the following ways: 
ó— ô+ ô- ô+ 


R:MgX and R:Li 
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When we do this, we can see that the reactions of Grignard reagents with water and alco- 
hols are nothing more than acid-base reactions; they lead to the formation of the weaker 
conjugate acid and weaker conjugate base. 


€ A Grignard reagent behaves as if it contained the anion of an alkane, as if it con- 
tained a carbanion: 


6— 
o- ô um " 
ES ig ен — В—н + HO: + Маг + X- 


G 
Stronger Stronger Weaker Weaker 
base acid acid base 
(pK, 15.7) (pK, 40-50) 


6— 
j^ P ^ .. 
BM + ба — R—H + RO: + Маг + X 


G 
Stronger Stronger Weaker Weaker 
base acid acid base 
(pK, 15-18) (pK, 40—50) 


Solved Problem 12.3 


Write an equation for the reaction that would take place when phenyllithium is treated with water. Designate the 
stronger acid and stronger base. 


STRATEGY AND ANSWER Recognizing that phenyllithium, like a Grignard reagent, acts as though it contains a 
carbanion, a very powerful base (pK, = 40-50), we conclude that the following acid-base reaction would occur. 


S + x = 
Онно 
SS! m .. 
Stronger Stronger Weaker Weaker 
base acid acid base 
Review Problem 12.5 Predict the products of the following acid-base reactions. Using pK, values, indicate which 


side of each equilibrium reaction is favored, and label the species representing the stronger 
acid and stronger base in each case. 


(a) A - (b) MgBr 
"E = === 
MgBr 2 СУ + MeOH == 
(c) (d) 
A + EA = E A OH == 
MgBr on 


Review Problem 12.6 Provide the reagents necessary to achieve the following transformations. 
(a) Br D (b) pu 
— 
— 
D 
(D = deuterium) 


Grignard reagents and organolithium compounds remove protons that are much less 
acidic than those of water and alcohols. 
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6 Grignard reagents react with the terminal hydrogen atoms of l-alkynes by an 
acid-base reaction, and this is a useful method for the preparation of alkynylmag- 
nesium halides and alkynyllithiums. 


+ 
ROH + R&MgX —> R'—=: MgX + R—H 
Terminal Grignard Alkynylmagnesium Alkane 
alkyne reagent halide (weaker 
(stronger (stronger (weaker acid, 
acid, base) base) pK, 40-50) 
pK, ~25) 
A "pe “У 5+ _ + 
RH'——H + В-и —> R=: Li + | R—H 
Terminal Alkyl- Alkynyllithium Alkane 
alkyne lithium (weaker (weaker 
(stronger (stronger base) acid) 
acid) base) 


The fact that these reactions go to completion is not surprising when we recall that alkanes 
have pK, values of 40—50, whereas those of terminal alkynes are —25 (Table 3.1). 
Not only are Grignard reagents strong bases, they are also powerful nucleophiles. 


@ Reactions in which Grignard reagents act as nucleophiles are by far the most 
important and we shall consider these next. 


12.7B Reactions of Grignard Reagents with Epoxides 
(Oxiranes) 


6 Grignard reagents react as nucleophiles with epoxides (oxiranes), providing conve- 
nient synthesis of alcohols. 


The nucleophilic alkyl group of the Grignard reagent attacks the partially positive carbon 
of the epoxide ring. Because it is highly strained, the ring opens, and the reaction leads to 
the alkoxide salt of an alcohol. Subsequent acidification produces the alcohol. (Compare 
this reaction with the base-catalyzed ring opening we studied in Section 11.14.) The fol- 
lowing are examples with oxirane. 


= oO Q:-Mg?X- " H 
I PU 
Oxirane A primary alcohol 


MgBr OMgBr OH 
о H4O* 
+ ————5 ———5 
EtO 


6 Grignard reagents react primarily at the less-substituted ring carbon atom of a sub- 


stituted epoxide. 
MgBr 
PE MEM HO, 
V ROO OMgBr OH 


12.7C Reactions of Grignard Reagents with Carbonyl 
Compounds 
© The most important synthetic reactions of Grignard reagents and organolithium 


compounds are those in which they react as nucleophiles and attack an unsaturated 
carbon—especially the carbon of a carbonyl group. 
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We saw in Section 12.1A that carbonyl compounds are highly susceptible to nucleophilic 
attack. Grignard reagents react with carbonyl compounds (aldehydes and ketones) in the 
following way. 


A MECHANISM FOR THE REACTION 


The Grignard Reaction 


REACTION 
OH 


(0) 
E (1) ether* E 
R—MgX - nu "HO 2 F MgX, 


MECHANISM 


Step 1 :0: Mg?* X- 


ó- ô+ © 
R—MgX + A == 
po o 


Grignard Carbonyl Halomagnesium 
reagent compound alkoxide 


The strongly nucleophilic Grignard reagent uses its 
electron pair to form a bond to the carbon atom. One 
electron pair of the carbonyl group shifts out to the 
oxygen. This reaction is a nucleophilic addition to the 
carbonyl group, and it results in the formation of an 
alkoxide ion associated with Маг" and X". 


x c О“ su 
Step 2 :O: Mg?* X- | i 
y oni +X == E + H—Ó—H + MgX; 
R 


Halomagnesium alkoxide Alcohol 


In the second step, the addition of aqueous HX causes protonation of the 
alkoxide ion; this leads to the formation of the alcohol and MgX,. 


*By writing "(1) ether" over the arrow and "(2) HO* X~” under the arrow, we mean that in the first laboratory step the Grignard reagent and the carbonyl com- 
pound are allowed to react in an ether solvent. Then in a second step, after the reaction of the Grignard reagent and the carbonyl compound is over, we add 
aqueous acid (e.g., dilute HX) to convert the salt of the alcohol (ROMgX) to the alcohol itself. If the alcohol is tertiary, it will be susceptible to acid-catalyzed dehy- 
dration. In this case, a solution of NH4CI in water is often used because it is acidic enough to convert ROMgX to ROH while not allowing acid-catalyzed reactions 
of the resulting tertiary alcohol. 


12.8 Alcohols from Grignard Reagents 


Grignard additions to carbonyl compounds are especially useful because they can be used 
to prepare primary, secondary, or tertiary alcohols: 


1. Grignard Reagents React with Formaldehyde to Give a Primary Alcohol 


Кој :O: MgX :OH 

ê- ô+ C H,O* 
R—MgX + PN — P E: P 
HOH R^ jjH R^ jjH 


Formaldehyde 1? Alcohol 
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2. Grignard Reagents React with All Other Aldehydes to Give Secondary Alcohols 


Koj :0: MgX :OH 
o= ô+ C H,O* 
R—MgX + ba — P ; = x А 
Э. Mu M А“ LR R^ LR 


Higher 2? Alcohol 
aldehyde 


3. Grignard Reagents React with Ketones to Give Tertiary Alcohols 
о) :0: MgX :OH 


ʻo 
ô- 8+ C NH,CI 
R—MgX + — ——— 
"VLL BO "В" п `8 њо в \в 
R” R” 
Ketone 3° Alcohol 
4. Esters React with Two Molar Equivalents of a Grignard Reagent to Form Tertiary 
Alcohols When a Grignard reagent adds to the carbonyl group of an ester, the initial 
product is unstable and loses a magnesium alkoxide to form a ketone. Ketones, how- 
ever, are more reactive toward Grignard reagents than esters. Therefore, as soon as a 
molecule of the ketone is formed in the mixture, it reacts with a second molecule of 


the Grignard reagent. After hydrolysis, the product is a tertiary alcohol with two iden- 
tical alkyl groups, groups that correspond to the alkyl portion of the Grignard reagent: 


:0' :0: MgX 


- 4 ET 
во + о = | „би. | 29 
es. A OR’ R’ OR" spontaneously 
R 


Ester Initial product 
(unstable) 


Ketone Salt of an 3? Alcohol 
alcohol (with two or three 
(not isolated) identical R groups) 


Specific examples of these reactions are shown here. 


Grignard Carbonyl Final 
Reagent Reactant Product 


Reaction with Formaldehyde 


MgBr о 
И PN OMgBr но ОН 
H H ЕО 


Phenylmagnesium Formaldehyde Benzyl alcohol 
bromide (90%) 


Reaction with a Higher Aldehyde 


O OMgBr OH 
we MgBr 4 ps ___- MO 
H Et,O 
Ethylmagnesium Acetaldehyde 2-Butanol 


bromide (80%) 
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Reaction with a Ketone 


о OMgBr OH 
NH,CI 
P din N MgBr + xd "ERO" SESS UO 9 
Butylmagnesium Acetone 2-Methyl-2-hexanol 
bromide (92%) 
Reaction with an Ester 
о OMgBr AONE 
—Et gbr 
~~MgBr + A он — EO" = 
OEt 
Ethylmagnesium Ethyl acetate 
bromide 
о OMgBr OH 


Solved Problem 12.4 


How would you carry out the following synthesis? 
O 
OH 


STRATEGY AND ANSWER Here we are converting an ester (a cyclic ester) to a tertiary alcohol with two iden- 
tical alkyl groups (methyl groups). So, we should use two molar equivalents of the Grignard reagent that contains 
the required alkyl groups, in this case, methyl magnesium iodide. 


qi (ома Я 
O Siwy O ОСЕ 
[prs ia 
OH OMgl 


Review Problem 12.7 Provide a mechanism for the following reaction, based on your knowledge of the reaction 


of esters with Grignard reagents. 


О MgBr OH 
(1) O (2 equiv.) 
CI 
(2) NH,CI i 


12.8 Alcohols from Grignard Reagents 


12.8A How to Plan a Grignard Synthesis 


We can synthesize almost any alcohol we wish by skillfully using a Grignard synthesis. In 
planning a Grignard synthesis we must simply choose the correct Grignard reagent and the 
correct aldehyde, ketone, ester, or epoxide. We do this by examining the alcohol we wish 
to prepare and by paying special attention to the groups attached to the carbon atom bear- 
ing the —OH group. Many times there may be more than one way of carrying out the syn- 
thesis. In these cases our final choice will probably be dictated by the availability of starting 
compounds. Let us consider an example. 

Suppose we want to prepare 3-phenyl-3-pentanol. We examine its structure and we see 
that the groups attached to the carbon atom bearing the — OH аге a phenyl group and two 
ethyl groups: 


OH 


3-Phenyl-3-pentanol 
This means that we can synthesize this compound in several different ways: 


1. We can use a ketone with two ethyl groups (3-pentanone) and allow it to react with 
phenylmagnesium bromide: 


Retrosynthetic Analysis 
OH 


MgBr 


ety 


Synthesis 
OH 
MgBr О 
CY" . XR sse. 
(2) NH,CI, 
H,O 
Phenylmagnesium 3-Pentanone 3-Phenyl-3-pentanol 
bromide 


2. We can use a ketone containing an ethyl group and a phenyl group (ethyl phenyl 
ketone) and allow it to react with ethylmagnesium bromide: 


Retrosynthetic Analysis 


OH O 
AO —, ut > + ~ MgBr 


Synthesis 
O OH 
MaBr (1) EO 
Раду e умна 
H,O 
Ethylmagnesium Ethyl phenyl 3-Phenyl-3-pentanol 


bromide ketone 
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3. We can use an ester of benzoic acid and allow it to react with two molar equivalents 


of ethylmagnesium bromide: 
Retrosynthetic Analysis 
OH O 


OMe 
LI + 2 ~ _„Мдвг 
Synthesis 
(1 ERO | 


Ethylmagnesium Methyl 3-Phenyl-3-pentanol 
bromide benzoate 


All of these methods will likely give us our desired compound in high yields. 


Solved Problem 12.5 


ILLUSTRATING A MULTISTEP SYNTHESIS Using an alcohol of no more than four carbon 
atoms as your only organic starting material, outline a synthesis of A: 


O 
A 


ANSWER We can construct the carbon skeleton from two four-carbon compounds using a Grignard reaction. Then 
oxidation of the alcohol produced will yield the desired ketone. 


Retrosynthetic Analysis 


Retrosynthetic 
disconnection 


O OH 


H 
О А ек (1) Et,0 H,CrO, 


О (2) HO* ОН acetone 


Synthesis 


We can synthesize the Grignard reagent (B) and the aldehyde (C) from isobutyl alcohol: 


PBr, Mg 
Bi Een. nde E 
ЕЕ РСС 
— 
CH,Cl, 


m 
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Solved Problem 12.6 


ILLUSTRATING A MULTISTEP SYNTHESIS Starting with bromobenzene and any other needed reagents, outline 


a synthesis of the following aldehyde: 
Ci 
H 


ANSWER Working backward, we remember that we can synthesize the aldehyde from the corresponding alcohol 
by oxidation with PCC (Section 12.4A). The alcohol can be made by treating phenylmagnesium bromide with oxi- 
rane. [Adding oxirane to a Grignard reagent is a very useful method for adding a — CH2CH2OH unit to an organic 
group (Section 12.7B).] Phenylmagnesium bromide can be made in the usual way, by treating bromobenzene with 
magnesium in an ether solvent. 


Retrosynthetic Analysis 


Synthesis 


Provide retrosynthetic analyses and syntheses for each of the following alcohols, starting Review Problem 12.8 
with appropriate alkyl or aryl halides. 


OH 
(a) ow d (three ways) 


(e) (two ways) 
он » lo 
(b) р a (three ways) » 
(c) (two ways) Jom 
(two ways) 
OH 


(d) (three ways) 
OH 


Provide a retrosynthetic analysis and synthesis for each of the following compounds. Review Problem 12.9 
Permitted starting materials are phenylmagnesium bromide, oxirane, formaldehyde, and alco- 

hols or esters of four carbon atoms or fewer. You may use any inorganic reagents and oxi- 

dizing agents such as pyridinium chlorochromate (PCC). 


OH О OH OH 
H 
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Helpful Hint 


A protecting group can sometimes 
be used to mask the reactivity of 
an incompatible group 
(see Sections 11.11D, 11.11E, 
and 12.9). 
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12.8B Restrictions on the Use of Grignard Reagents 


Although the Grignard synthesis is one of the most versatile of all general synthetic procedures, 

it is not without its limitations. Most of these limitations arise from the very feature of the 

Grignard reagent that makes it so useful, its extraordinary reactivity as a nucleophile and a base. 
The Grignard reagent is a very powerful base; in effect it contains a carbanion. 


© It is not possible to prepare a Grignard reagent from a compound that contains any 
hydrogen more acidic than the hydrogen atoms of an alkane or alkene. 


We cannot, for example, prepare a Grignard reagent from a compound containing an 
— OH group, ап —NH— group, an — SH group, а —CObH group, or an — SOsH group. 
If we were to attempt to prepare a Grignard reagent from an organic halide containing any 
of these groups, the formation of the Grignard reagent would simply fail to take place. (Even 
if a Grignard reagent were to form, it would immediately be neutralized by the acidic group.) 


@ Since Grignard reagents are powerful nucleophiles, we cannot prepare a Grignard 
reagent from any organic halide that contains a carbonyl, epoxy, nitro, or cyano 
(—CN) group. 


If we were to attempt to carry out this kind of reaction, any Grignard reagent that formed 
would only react with the unreacted starting material: 


OH, —NH,, —NHR, —CO,H, —SO,H, — SH, —C=C—H Grignard reagents 
cannot be prepared 
in the presence of 


these groups 
OR, NH, —CzN, A because they will 


react with them. 


This means that when we prepare Grignard reagents, we are effectively limited to alkyl 
halides or to analogous organic halides containing carbon-carbon double bonds, inter- 
nal triple bonds, ether linkages, and — МА groups. 

Grignard reactions are so sensitive to acidic compounds that when we prepare a Grignard 
reagent we must take special care to exclude moisture from our apparatus, and we must 
use an anhydrous ether as our solvent. 

As we saw earlier, acetylenic hydrogens are acidic enough to react with Grignard 
reagents. This is a limitation that we can use, however. 


@ We can make acetylenic Grignard reagents by allowing terminal alkynes to react 
with alkyl Grignard reagents (cf. Section 12.7A). 


We can then use these acetylenic Grignard reagents to carry out other syntheses. For 
example, 


~Mg*Br 
Z 2 
МОРЕ (* ethane1) 
OH 
-Mg*Br О 
yy Z 
(2) HjO* 


(52%) 
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@ When we plan a Grignard synthesis, we must also take care that any aldehyde, 
ketone, epoxide, or ester that we use as a substrate does not also contain an acidic 
group (other than when we deliberately let it react with a terminal alkyne). 


If we were to do this, the Grignard reagent would simply react as a base with the acidic 
hydrogen rather than reacting at the carbonyl or epoxide carbon as a nucleophile. If we were 
to treat 4-hydroxy-2-butanone with methylmagnesium bromide, for example, the reaction 
that would take place is 


4-Hydroxy-2-butanone 


rather than 
O OMgBr 
CH,MgBr 


РЕ x Em 


If we were prepared to waste one molar equivalent of the Grignard reagent, we can treat 
4-hydroxy-2-butanone with two molar equivalents of the Grignard reagent and thereby get 
addition to the carbonyl group: 


O OMgBr OH 
"C 2 CH,MgBr BrMgO AA 2 NH,CI ode 
(2CH,) H,O 


This technique is sometimes employed in small-scale reactions when the Grignard reagent 
is inexpensive and the other reagent is expensive. 


12.8C The Use of Lithium Reagents 


Organolithium reagents (RLi) react with carbonyl compounds in the same way as Grignard 
reagents and thus provide an alternative method for preparing alcohols. 


"О" оц OH 
ê- 6+ (4 H.O* 
iu ae — == 
R R 
Organo- Aldehyde Lithium Alcohol 
lithium or alkoxide 


reagent ketone 


Organolithium reagents have the advantage of being somewhat more reactive than Grignard 
reagents although they are more difficult to prepare and handle. 


12.8D The Use of Sodium Alkynides 


Sodium alkynides also react with aldehydes and ketones to yield alcohols. An example is 
the following: 

NaNH, , 
—NH, 
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Solved Problem 12.7 


ILLUSTRATING MULTISTEP SYNTHESES For the following compounds, write a retrosynthetic scheme and then 


synthetic reactions that could be used to prepare each one. Use hydrocarbons, organic halides, alcohols, aldehy- 
des, ketones, or esters containing six carbon atoms or fewer and any other needed reagents. 
ANSWERS 


OH 
OH ю 2 
(а) Cnr (b) © 
(a) 


Retrosynthetic Analysis 


OH 
O 
Gi = CY UD E E A OT 


Synthesis 
I OH 
OR e, Br M, MgBr nun 
per | ELO ~ 3 (2) NH,CI, H,O 
(b) 


Retrosynthetic Analysis 


OH 
О MgBr Br 
2 
Се AC S IE 


Synthesis 
а о OH 
r MgBr 
—— ——————— 
Et,O (2) NH,CI, H,O 
(c) 


Retrosynthetic Analysis 


Synthesis 


О Л 
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12.9 Protecting Groups 


9 A protecting group can be used in some cases where a reactant contains a group that 
is incompatible with the reaction conditions necessary for a given transformation. 


For example, if it is necessary to prepare a Grignard reagent from an alkyl halide that already 
contains an alcohol hydroxyl group, the Grignard reagent can still be prepared if the alco- 
hol is first protected by conversion to a functional group that is stable in the presence of a 
Grignard reagent, for example, a tert-butyldimethylsilyl (TBS) ether (Section 11.11E). The 
Grignard reaction can be conducted, and then the original alcohol group can be liberated 
by cleavage of the silyl ether with fluoride ion (see Problem 12.36). An example is the fol- 
lowing synthesis of 1,4-pentanediol. This same strategy can be used when an organolithium 
reagent or alkynide anion must be prepared in the presence of an incompatible group. In 
later chapters we will encounter strategies that can be used to protect other functional groups 
during various reactions (Section 16.7C). 


TBSCI, 
imidazole Mg 
НО“ ове трмеснау 78507 ~~ “Вг "gg! 18807 ~~ ~MgBr 
Q 
(1) P 
Me, Ме (2) нз” 
ТВЅ = Si^ 
^ “tBu mso о 
OH 
Imidazole = j 
N Ви, 
ТНЕ 
О 


ОМЕ = y Д. N^ Me 

| Но es а 

Me OH 
Dimethyl formamide 1,4-Pentanediol 

(a polar aprotic solvent) 


Solved Problem 12.8 


Show how the following synthesis could be accomplished using a protecting group. 


HO © HO OH 
ОК E 


STRATEGY AND ANSWER First protect the —OH group by converting it to a tert-butyldimethylsilyl (TBS) ether 
(Section 11.11E), then treat the product with ethyl magnesium bromide followed by dilute acid. Then remove the 


protecting group. 


HO О TBSO 
TES pluie SE ce imidazole 
C "(Section 11.11E) Wile) ion 
TBSO OH HO OH 
(1) EtMgBr ВИМЕ“ 
(2) н.о" Im THF (Section 11.11E) ee 
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Key Terms and Concepts 


(ies The key terms and concepts that are highlighted in bold, blue text within the chapter are 
PLUS defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


Pius Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 


12.10 


12.11 


12.12 


teaching and learning solution. 


REAGENTS AND REACTIONS 


What products would you expect from the reaction of ethylmagnesium bromide (CH3CH2MgBr) with each of the 
following reagents? 


О 
(Q Д then NHCI H2O 

(a) H2O Ph OMe 
(b) DO О 

6 (f Р then МНАСІ, НО 

L Ph 

c , then H4O* 
O а У и A 

О (9) ===", then JL then HO” 
(а) КЕ py then МНАСІ H2O 


What products would you expect from the reaction of propyllithium (CH3CH2CHo2Li) with each of the following 
reagents? 


О 
О 
(а) H, then H307 (c) 1-Pentyne, then A „еп NH4CI, H2O 
О (d) Ethanol 


(b) y^ , then NH4CI, H2O I 
(e) OD 


What product (or products) would be formed from the reaction of 1-bromo-2-methylpropane (isobutyl bromide) 
under each of the following conditions? 


(a) ОН, НО 

(b) СМ , ethanol 
(с) -BuOK, Вион 
(d) MeONa, MeOH (h) (1) Mg, EO: (2) /N: (3) H9O* 


O 
(g) (1) Mg, ЕБО; (2) Nome’ (3) NH4CI, H2O 


O . 
O O 
1) Li, ЕБО; (2 ; (3) NH4CI, Н2О 
(е) (1) Li, ЕБО; ( we (3) NH4 2 ( (D Mg, Et20; (2) P (3) NH4CI, H2O 


i (j) Li, ЕБО; (2) MeOH 
(D Mg, Et,0, then СНЗСН, then HO" (k) Li, ЕБО; 2) H—==—H 
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12.13 Which oxidizing or reducing agent would you use to carry out the following transformations? 


OH 
о о 
(b) m as Soot 
Ó OH 
о О 
о AL- a, 
HO OH НО ~~ Хон 
о о 
(d Но он — по и он 
о о 


12.14 Predict the products of the following reactions. 


QUEE oe ©, NEN 
12.15  Predict the organic product from each of the following reduction reactions. 
(а) ion _NaBHy 
12.16 Predict the organic product from each of the following oxidation reactions. 
(2) HO* Cee wall oie 


rw РЧ (1) KMnO,OH, A E 


12.17  Predict the organic product from each of the following oxidation and reduction reactions. 


XQ 
Pd PCC 
doy uer 25 е! CHCl, 
(b) и“ EN Ar 
(à) Q)LAH 
(2) aq. HSO, 
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12.18 


12.19 


12.20 


12.21 


12.22 


12.23 


Chapter 12 Alcohols from Carbonyl Compounds 


Predict the major organic product from each of the following reactions. 


(1) CH3MgBr 
i ањо © 
O 
О 
О 
(b) b (1) CH3;CH,Li (excess) 
ee @ о  (2NHOLHO 
(2) NH,Cl, ЊО 
Predict the major organic product from each of the following reaction sequences. 


(a) (1) MeMgBr (excess) T XY M 
x i ° (ов 
(2) NH,Cl, ЊО wo 
O 


MgBr (equiv.) 
AT 
H 


[9) 
» 
(9) 


O O. о 
(1) PBr, Д. (1) РС MgB (excess) 
(с) Jom (2) Mg H э n (2) NH,CI, H,O ° 
(3) HO* (3) PCC 


Predict the product of the following reaction. 


O 


Pa 
O (1) BrMg ^ Mgar (1 equiv.) 
(2) HO* 


MECHANISMS 


Synthesize each of the following compounds from 


HO, D DO, H DO, D 
cyclohexanone. Use D to specify deuterium in any 
appropriate reagent or solvent where it would take the 
place of hydrogen. 


Write a mechanism for the following reaction. Include formal charges and curved arrows to show the movement 
of electrons in all steps. 


O MgBr OH 
О (1) O (excess) HO 
AL 
(2) NH,CI, H,O C ) 
Write a mechanism for the following reaction. You may О 
use H` to represent hydride ions from LiAIH, in your | 
mechanism. Include formal charges and curved arrows O Caw " H we Se^ SEM 


to show the movement of electrons in all steps. (2) aq. 50, 


12.24 


12.25 


12.26 


12.27 


12.28 


on _ 23 
MO 
== D 
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Although oxirane (oxacyclopropane) and oxetane (oxacyclobutane) react with Grignard and organolithium reagents 
to form alcohols, tetrahydrofuran (oxacyclopentane) is so unreactive that it can be used as the solvent in which 
these organometallic compounds are prepared. Explain the difference in reactivity of these oxygen heterocycles. 


Studies suggest that attack by a Grignard reagent at a carbonyl group is facilitated by involvement of a second mol- 
ecule of the Grignard reagent that participates in an overall cyclic ternary complex. The second molecule of Grignard 
reagent assists as a Lewis acid. Propose a structure for the ternary complex and write all of the products that result 
from it. 


SYNTHESIS 


What organic products A-H would you expect from each of the following reactions? 
O 


i (1) ) NaH 
aN мец, А ; р 
Et O (2) NH,Cl, H,O ar 


B 
С 


O A 
NaBH, MsCI ONa (1) LAH 
> E 25 Е cc M 
MeOH pyr (2) aq. H,SO, 


Outline all steps in a synthesis that would transform 2-propanol (isopropyl alcohol) into each of the following: 


D 
(a) (c) EN (e) P 


OH 


(b) po (d) 


Show how 1-pentanol could be transformed into each of the following compounds. (You may use any needed inor- 
ganic reagents and you need not show the synthesis of a particular compound more than once.) 


OH 


(a) 1-Bromopentane о 
(b) 1-Pentene 

(c) 2-Pentanol (i) 2-Pentanone, 

(d) Pentane O 

(e) 2-Bromopentane EN 
(f) 1-Hexanol (j) Pentanoic acid, OH 


(в) I-Heptanol (k) Dipentyl ether (two ways) 


(D 1-Pentyne 
o y 


(m) 2-Bromo-1-pentene 
(i): Pentanal € (n) Pentyllithium 


(o) 4-Methyl-4-nonanol 
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12.29 Provide the reagents needed to accomplish transformations (a)-(g). More than one step may be necessary. 


O^ vo^ 


| 
20-97 
T 


12.30 Assuming that you have available only alcohols or esters containing no more than four carbon atoms, show how 
you might synthesize each of the following compounds. Begin by writing a retrosynthetic analysis for each. You 
must use a Grignard reagent at one step in the synthesis. If needed, you may use oxirane and you may use bro- 
mobenzene, but you must show the synthesis of any other required organic compounds. Assume you have avail- 
able any solvents and any inorganic compounds, including oxidizing and reducing agents, that you require. 


\ 


(a) о 


и i PE 
Ба . 
(h) 
(b) NOM (e) О Br 
HO 
у он ( 
R^ 


12.31 For each of the following alcohols, write a retrosynthetic analysis and synthesis that involves an appropriate 
organometallic reagent T a Grignard or alkyllithium Pa 


(a) 
OH 


12.32 


12.33 


12.34 


12.35 


12.36 


12.37 


12.38 
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Synthesize each of the following compounds starting from primary or secondary alcohols containing seven car- 
bons or less and, if appropriate, bromobenzene. 


(a) (b) OH (c) 
OH 


The alcohol shown below is used in making perfumes. Write a retrosynthetic analysis and OH 
then synthetic reactions that could be used to prepare this alcohol from bromobenzene and 
]-butene. 


Show how a Grignard reagent might be used in the following synthesis: 


О о ОН 
CT — om 


Write a retrosynthetic analysis and then synthetic reactions that could be used to prepare racemic OH 

Meparfynol, a mild hypnotic (sleep-inducing compound), starting with compounds of four car- 

bon atoms or fewer. EN 
Meparfynol 


Write a retrosynthetic analysis and synthesis for the following transformation. 


OH 
Br 
wo LY HO 


Synthesize the following compound using cyclopentane and ethyne (acetylene) as the 
sole source of carbon atoms. \ 


Challenge Problems 


Explain how 'H NMR, 'SC NMR, and IR spectroscopy could be used to differentiate among the following compounds. 


CL, $ OH OH 


2-Phenylethanol 1,2-Diphenylethanol 1,1-Diphenylethanol 


i, | 
» ov 


2,2-Diphenylethanoic acid Benzyl 2-phenylethanoate 
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12.39 When sucrose (common table sugar) is treated with aqueous acid, it is cleaved and yields simpler sugars of these 
types: 
О 


о 
uo. A iis RN 
H 


‘OH 


For reasons to be studied later, in the use of this procedure for the identification of the sugars incorporated in a sac- 
charide like sucrose, the product mixtures are often treated with sodium borohydride before analysis. What limi- 
tation(s) does this put on identification of the sugar building blocks of the starting saccharide? 


12.40 Anunknown X shows a broad absorption band in the infrared at 3200-3550 cm ^! but none in the 1620-1780 cm ^! 
region. It contains only C, H, and O. A 116-mg sample was treated with an excess of methylmagnesium bromide, 
producing 48.7 mL of methane gas collected over mercury at 20°C and 750 mm Hg. The mass spectrum of X has 
its molecular ion (barely detectable) at 116 m/z and a fragment peak at 98. What does this information tell you 
about the structure of X? 


Learning Group Problems 


The problem below is directed toward devising a hypothetical pathway for the synthesis of the acyclic central portion of 
Crixivan (Merck and Company's HIV protease inhibitor). Note that your synthesis might not adequately control the stere- 
ochemistry during each step, but for this particular exercise that is not expected. 


оде 


| 
tBu 


Ew 


Crixivan 


Fill in missing compounds and reagents in the following outline of a hypothetical synthesis of the acyclic central portion of 
Crixivan. Note that more than one intermediate compound may be involved between some of the structures shown below. 


HO 
A Y ? 
— — 


OR OR LG OR 
LG = some | group 


o HH 
? 

OR = OR = 
Ó 


О 
(8 would be H initially. Then, by reactions which you do not need to specify, it would be converted to an alkyl group.) 


О 
I 


Summary of Reactions t" 583 


Summary of Reactions 


Summaries of reactions discussed in this chapter are shown below. Detailed conditions for the 
reactions that are summarized can be found in the chapter section where each is discussed. 


Synthetic Connections of Alcohols and Carbonyl Compounds 


Substrate Reducing agent 
NaBH, LiAIH, (LAH) 


1. Carbonyl Reduction Reactions 


* Aldehydes to primary alcohols 
* Ketones to secondary alcohols О 
* Esters to alcohols 

* Carboxylic acids to primary alcohols Aldehydes sess 


OH OH 


Ketones 


Esters 


Carboxylic 
acids 


(Hydrogen atoms in blue are added during the reaction workup by 
water or aqueous acid.) 


2. Alcohol Oxidation Reactions 


* Primary alcohols to aldehydes 
* Primary alcohols to carboxylic acids 
* Secondary alcohols to ketones 


Substrate Oxidizing agent [O] 
НСО 


(0) 


Pri Icohol: 
rimary alcohols "m 


Secondary alcohols 


Tertiary alcohols 
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Synthetic Connections of Alcohols and Carbonyl Compounds 


3. Carbon-Carbon Bond Forming Reactions 


* Alkynide anion formation 

* Grignard reagent formation 

* Alkyllithium reagent formation 
* Nucleophilic addition to aldehydes and ketones О он 


• Nucleophilic addition to esters Д. PN 
* Nucleophilic ring-opening of epoxides (1) R'(H) РУ(Н) R'(H) N РУ(Н) 
и 


(2) H34O* (or МНД?) 


мамн; E 
(or other a em 
strong base) 
OH 


u 


n=% 2Li 


R—.Li + LIX 


OH 
(2) HgO* (or NH4*) Se 


Nu 


(a substituted or 
unsubstituted oxirane 


Nu = alkynyl group, or alkyl group 
from Grignard or alkyllithium 
reagent 


(PEUS See First Review Problem Set in WileyPLUS 


Conjugated Unsaturated Ш 
Systems 


All of the brilliant colors of fall foliage have one thing in common. The colors of fall are caused by molecules 
that contain conjugated unsaturated systems. 


€ A conjugated unsaturated system is a molecular unit containing « electrons that can be delocalized over 
three or more contiguous atoms. 


The carotenes, xanthophylls, and anthocyanins are some families of natural pigments that contain conjugated 
unsaturated systems. A few examples are shown here. 


d "о ЧЫ Ы dco с 


HO 


Cryptoxanthin (a xanthophyll) 


OH 


Cyanidin (an anthocyanin) 
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In this chapter we shall study conjugated systems and find that they have special aspects of reactivity. Radicals, 
cations, and anions that are formed as part of a conjugated system have greater stability than their nonconju- 
gated counterparts, making them especially important reaction intermediates. Conjugated unsaturated systems 
also absorb energy in the ultraviolet and visible regions of the spectrum, the latter of which accounts for the col- 


ors we observe in organic pigments. And lastly, conjugated dienes undergo a very important ring-forming reac- 
tion called the Diels-Alder reaction, for which the Nobel Prize was awarded to Otto Diels and Kurt Alder. 


13.1 Introduction 


At its essence, a conjugated system involves at least one atom with a p orbital adjacent to at 
least one т bond. The adjacent atom with the p orbital can be part of another т bond, as in 
1,3-butadiene, or a radical, cationic, or anionic reaction intermediate. If an example specifi- 
cally derives from a propenyl group, a common name for this group is allyl. More generally 
when we are considering a radical, cation, or anion that is adjacent to one or more т bonds 
in a molecule larger than propene or propene itself, the adjacent position is called allylic. 


s а i 


fF BP А 


1,3-butadiene The allyl radical The allylic carbocation 
(a conjugated diene) 


As we shall see next, radical substitution at an allylic position is especially favorable 
because the intermediate radical is part of a conjugated system. 


13.2 Allylic Substitution and the Allyl Radical 


When propene reacts with bromine or chlorine at low temperatures, the reaction that takes 
place is the usual addition of halogen to the double bond: 


X 
+X low temperature At low temperature 
AN ~ CCl, an addition 


X reaction occurs. 


However, when propene reacts with chlorine or bromine at very high temperatures or under 
conditions in which the concentration of the halogen is very small, the reaction that occurs 
is a substitution. These two examples illustrate how we can often change the course of an 
organic reaction simply by changing the conditions. (They also illustrate the need for spec- 
ifying the conditions of a reaction carefully when we report experimental results.) 


P " x high temperature Ze + HX 


and low concentration of X, 
Propene 


At high temperature (or in the presence 
of a radical initiator) and low concentration 
of X, a substitution reaction occurs. 
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In this substitution a halogen atom replaces one of the hydrogen atoms of the methyl 
group of propene. 


@ The hydrogens on the sp? carbon adjacent to the double bond are called the allylic 
hydrogen atoms. 


@ The reaction is an allylic substitution: 


ZA CH Allylic hydrogen 
3 atoms 


Allylic hydrogen atom and allylic substitution are general terms as well. The hydrogen atoms 
of any saturated carbon atom adjacent to a double bond are called allylic hydrogen atoms. 
Any reaction in which an allylic hydrogen atom is replaced is called an allylic substitution. 


27 
H 


An allylic hydrogen atom that can undergo allylic substitution. 


Solved Problem 13.1 


Identify all of the positions bearing allylic hydrogen atoms in cryptoxanthin (shown earlier in this chapter). 


STRATEGY AND ANSWER Allylic hydrogen atoms in cryptoxanthin are found on the sp?-hybridized carbons adja- 
cent to m bonds. These positions are labeled by boxes in the formula below. 


Cryptoxanthin (with positions bearing allylic hydrogen atoms shown in boxes) 


13.2A Allylic Chlorination (High Temperature) 


Propene undergoes allylic chlorination when propene and chlorine react in the gas phase 
at 400?C. This method for synthesizing allyl chloride is called the Shell process. 


P A UE E. NE o ET 


gas phase 


Propene 3-Chloropropene 
(allyl chloride) 


The mechanism for allylic substitution is the same as the chain mechanism for alkane 
halogenations that we saw in Chapter 10. In the chain-initiating step, the chlorine mole- 
cule dissociates into chlorine atoms. 


Chain-Initiating Step 
CALE: — 2:Cl- 


In the first chain-propagating step the chlorine atom abstracts one of the allylic hydro- 
gen atoms. 
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First Chain-Propagating Step 


АН а AN. + HOG 
Allyl radical 
The radical that is produced in this step is called an allyl radical. 


Ф A radical of the general type shown here is called an allylic radical. 


2 


An allylic radical 
In the second chain-propagating step the allyl radical reacts with a molecule of chlorine. 


Second Chain-Propagating Step 


Cl: > 2“ + :Cl- 
Allyl chloride 


This step results in the formation of a molecule of allyl chloride and a chlorine atom. The 
chlorine atom then brings about a repetition of the first chain-propagating step. The chain 
reaction continues until the usual chain-terminating steps (see Section 10.4) consume the 
radicals. 

The reason for substitution at the allylic hydrogen atoms of propene will be more under- 
standable if we examine the bond dissociation energy of an allylic carbon—hydrogen bond 
and compare it with the bond dissociation energies of other carbon-hydrogen bonds. 


ЈУН — AN. + н рн" = 369 К mol? 


Ргорепе Allyl radical 
P oe T 
=> a 15р DH? = 400 kJ mol 
Isobutane 3° Radical 
H — “УС + н DH-4l3k mol"! 
Propane 2° Radical 


H Я 
БЕ — | eee cle 


Propane 1? Radical 

H 
= — = зе Ink DH? = 465 kJ тој“! 
Ethene Vinyl radical 


See Table 10.1 for a list of additional bond dissociation energies. 


We see that an allylic carbon-hydrogen bond of propene is broken with greater ease than 
even the tertiary carbon-hydrogen bond of isobutane and with far greater ease than a vinylic 
carbon-hydrogen bond: 
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рој +“: — 2. + HX Ега 15 low. 
Allyl radical 
uero HAYA — ie + HX Ега is high. 


Vinylic radical 


@ The ease with which an allylic carbon—hydrogen bond is broken means that rela- 
tive to primary, secondary, tertiary, and vinylic free radicals an allylic radical is the 
most stable (Fig. 13.1): 


Relative stability: allylic or allyl > 3° > 2° > 1° > vinyl or vinylic 


A Vinyl radical 
in ad 1° Radical 


2° Radical 


22. 3° Radical 
Allyl radical DH? = 465 
DH? = 423 kJ тог! 
DH? = 413 kJ тог“ 
DH? = 400 kJ mol 
DH? = 369 kJ тог! 
kJ mol 
Figure 13.1 The relative stability of the allyl 
radical compared to 1°, 2°, 3°, and vinyl 
- ud ij bina n. (ен E is e Mn : 
relative to the hydrocarbon from which eac 
АБ P H H p e i -—41 was formed, and the overall order of stability 


is allyl > 3° > 2° > 1? > vinyl.) 


13.2B Allylic Bromination with N-Bromosuccinimide 
(Low Concentration of Вг) 


Propene undergoes allylic bromination when it is treated with N-bromosuccinimide (NBS) 
in CCl, in the presence of peroxides or light: 


| і 
O N O light or ROOR Br O M O 
gap а ee T 
4 
N-Bromosuccinimide 3-Bromopropene Succinimide 
(NBS) (allyl bromide) 


The reaction is initiated by the formation of a small amount of Br (possibly formed by dis- 
sociation of the N—Br bond of the NBS). The main propagation steps for this reaction are 
the same as for allylic chlorination (Section 13.2A): 


NSS “В — A + HBr 


ZF eo. c а By 


N-Bromosuccinimide is a solid that is nearly insoluble in CCl, which provides а con- 
stant but very low concentration of bromine in the reaction mixture. It does this by react- 
ing very rapidly with the HBr formed in the substitution reaction. Each molecule of HBr is 
replaced by one molecule of Bro. 


Br H 


| 
О 0 ба 
od s + HBr — WO + Br 
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Under these conditions, that is, in a nonpolar solvent and with a very low concentra- 
tion of bromine, very little bromine adds to the double bond; it reacts by substitution and 
replaces an allylic hydrogen atom instead. 

The following reaction with cyclohexene is another example of allylic bromination 
with NBS. 


Br 


NBS, ROOR 
ССІ, A 


82-87% 


€ In general, NBS is a good reagent to use for allylic bromination. 


THE CHEMISTRY OF ... 


Allylic Bromination 


Why, we might ask, does a low concentration of bromine favor ^ step only one atom of the bromine molecule becomes 


allylic substitution over addition? To understand this, we must 
recall the mechanism for addition and notice that in the first 


With a low concentration of bromine initially, the 
concentration of the bromonium ion and bromide anion 
after the first step will also be low. Consequently, the prob- 
ability of a bromide anion finding a bromonium ion in its 
vicinity for the second step is also low, and hence the 
overall rate of addition is slow and allylic substitution com- 
petes successfully. 

The use of a nonpolar solvent also slows addition. Since 
there are no polar molecules to solvate (and thus stabilize) 
the bromide ion formed in the first step, the bromide ion 
uses a bromine molecule as a substitute: 


и | 
| + m 
2B, + | === B] + Bn 
C solvent C= 
ZN | 


attached to the alkene in a reversible process. The other atom 
(now a bromide anion) becomes attached in the second step: 


— — C—Br 
— Br—C— 


| 


This means that in a nonpolar solvent the rate equation is 
second order with respect to bromine, 


N РА 
Rate = k| ‘C=C’ | [Br]? 
7 N 


and that the low bromine concentration has an even more 
pronounced effect in slowing the rate of addition. 

Understanding why a high temperature favors allylic sub- 
stitution over addition requires a consideration of the effect 
of entropy changes on equilibria (Section 3.10). The addi- 
tion reaction, because it combines two molecules into one, 
has a substantial negative entropy change. At low temper- 
atures, the TAS? term in AG? = AH? — TAS? is not large 
enough to offset the favorable AH? term. But as the tem- 
perature is increased, the TAS? term becomes more signifi- 
cant, AG? becomes more positive, and the equilibrium 
becomes more unfavorable. 


13.3 The Stability of the Allyl Radical 


An explanation of the stability of the allyl radical can be approached in two ways: in terms 
of molecular orbital theory and in terms of resonance theory (Section 1.8). As we shall see 
soon, both approaches give us equivalent descriptions of the allyl radical. The molecular 
orbital approach is easier to visualize, so we shall begin with it. (As preparation for this 
section, it may help the reader to review the molecular orbital theory given in Sections 1.11 
and 1.13.) 


13.3 The Stability of the Allyl Radical 


13.3A Molecular Orbital Description of the Allyl Radical 


As an allylic hydrogen atom is abstracted from propene (see the following diagram), the 
sp?-hybridized carbon atom of the methyl group changes its hybridization state to sp? (see 
Section 10.7). The p orbital of this new sp?-hybridized carbon atom overlaps with the p 
orbital of the central carbon atom. 
9 In the allyl radical three p orbitals overlap to form a set of т molecular orbitals 
that encompass all three carbon atoms. 
@ The new p orbital of the allyl radical is said to be conjugated with those of the 
double bond, and the allyl radical is said to be a conjugated unsaturated system. 


t 


sp? Hybridized 


Transition state Delocalized 
allyl radical 


Hydrogen abstraction 


@ The unpaired electron of the allyl radical and the two electrons of the т bond are 
delocalized over all three carbon atoms. 


Delocalization of the unpaired electron accounts for the greater stability of the allyl radi- 
cal when compared to primary, secondary, and tertiary radicals. Although some delocal- 
ization occurs in primary, secondary, and tertiary radicals, delocalization is not as effective 
because it occurs only through hyperconjugation (Section 6.118) with ø bonds. 

The diagram in Fig. 13.2 illustrates how the three p orbitals of the allyl radical combine 
to form three 7 molecular orbitals. (Remember: The number of molecular orbitals that 
results always equals the number of atomic orbitals that combine; see Section 1.11.) The 
bonding 7 molecular orbital is of lowest energy; it encompasses all three carbon atoms and 
is occupied by two spin-paired electrons. This bonding 7r orbital is the result of having 
p orbitals with lobes of the same sign overlap between adjacent carbon atoms. This type 
of overlap, as we recall, increases the zr-electron density in the regions between the atoms 
where it is needed for bonding. The nonbonding 7 orbital is occupied by one unpaired elec- 
tron, and it has a node at the central carbon atom. This node means that the unpaired elec- 
tron is located in the vicinity of carbon atoms 1 and 3 only. The antibonding 7 molecular 
orbital results when orbital lobes of opposite sign overlap between adjacent carbon atoms: 
Such overlap means that in the antibonding 7r orbital there is a node between each pair of 
carbon atoms. This antibonding orbital of the allyl radical is of highest energy and is empty 
in the ground state of the radical. 

We can illustrate the picture of the allyl radical given by molecular orbital theory with 
the following structure: 


H 
VE RT 
1 UL. 3 
Ру И 
2 | | 2 
H H 


We indicate with dashed lines that both carbon-carbon bonds are partial double bonds. This 
accommodates one of the things that molecular orbital theory tells us: that there is а 7 bond 
encompassing all three atoms. We also place the symbol 1 beside the C1 and C3 atoms. 
This denotes a second thing molecular orbital theory tells us: that electron density from the 
unpaired electron is equal in the vicinity of C1 and C3. Finally, implicit in the molecular 


All carbons are 
sp? hybridized 
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Figure 13.2 Combination of three atomic 


p orbitals to form three m molecular orbitals 
in the allyl radical. The bonding т molecular 
orbital is formed by the combination of the 
3 CH, 


three p orbitals with lobes of the same sign 
overlapping above and below the plane of 
the atoms. Тһе nonbonding т molecular 
orbital has a node at C2. The antibonding 7 
molecular orbital has two nodes: between | 
C1 and C2 and between C2 and C3. The i 
shapes of molecular orbitals for the allyl 
radical calculated using quantum 
mechanical principles are shown alongside 
the schematic orbitals. 


Antibonding 
orbital 


Node Node 


EE Nonbonding 


orbital 


222 


Three isolated р orbitals 
(with an electron in each) 


| Bonding 


orbital 


Atomic orbitals Schematic molecular orbitals Calculated molecular orbitals 
V V V 
orbital picture of the allyl radical is this: The two ends of the allyl radical are equivalent. 
This aspect of the molecular orbital description is also implicit in the formula just given. 


13.3B Resonance Description of the Allyl Radical 


In Section 13.2A we wrote the structure of the allyl radical as A: 


ZZ. 
A 


However, we might just as well have written the equivalent structure, B: 


8 
В 


In writing structure B, we do not mean to imply that we have simply taken structure А and 
turned it over. What we have done is move the electrons in the following way: 


2%. 


We have not moved the nuclei. 

Resonance theory (Section 1.8) tells us that whenever we can write two structures for a 
chemical entity that differ only in the positions of the electrons, the entity cannot be rep- 
resented by either structure alone but is a hybrid of both. We can represent the hybrid in 
two ways. We can write both structures A and B and connect them with a double-headed 
arrow, the special arrow we use to indicate that they are resonance structures: 


13.3 The Stability of the Allyl Radical 


Or we can write a single structure, C, that blends the features of both resonance structures: 


We see, then, that resonance theory gives us exactly the same picture of the allyl rad- 
ical that we obtained from molecular orbital theory. Structure C describes the 
carbon-carbon bonds of the allyl radical as partial double bonds. The resonance struc- 
tures A and B also tell us that the unpaired electron is associated only with the C1 and 
СЗ atoms. We indicate this in structure C by placing а ô beside C1 and C3." Because 
resonance structures A and B are equivalent, the electron density from the unpaired elec- 
tron is shared equally by C1 and C3. 

Another rule in resonance theory is the following: 


€ Whenever equivalent resonance structures can be written for a chemical species, 
the chemical species is much more stable than any resonance structure (when taken 
alone) would indicate. 


If we were to examine either A or B alone, we might decide incorrectly that it resembled 
a primary radical. Thus, we might estimate the stability of the allyl radical as approximately 
that of a primary radical. In doing so, we would greatly underestimate the stability of the 
allyl radical. Resonance theory tells us, however, that since A and B are equivalent reso- 
nance structures, the allyl radical should be much more stable than either, that is, much 
more stable than a primary radical. This correlates with what experiments have shown to 
be true: The allyl radical is even more stable than a tertiary radical. 


HP oss 


Solved Problem 13.2 


Subjecting propene labeled with 1С at carbon 1 to allylic chlorination (see below) leads to a 50 : 50 mixture of 
]-chloropropene labeled at C1 and at C3. Write a mechanism that explains this result. (An asterisk * next to a carbon 


atom indicates that the carbon atom is EG) 


" pow Cl; 


———————— 
high temperature 


a c D 


STRATEGY AND ANSWER We recall (Section 13.2A) that the mechanism for allylic chlorination involves the for- 
mation of a resonance-stabilized radical created by having a chlorine atom abstract an allylic hydrogen atom. Because 
the radical formed in this case is a hybrid of two structures (which are equivalent except for the position of the 
label), it can react with Cla at either end to give а 50 : 50 mixture of the differently labeled products. 


Gl, 


оа = e ee ОК 


* 


50% 


Consider the allylic bromination of cyclohexene labeled at СЗ with !?C. Neglecting 
stereoisomers, what products would you expect from this reaction? 


* 


NBS, ROOR 
—————— 
heat 


(+ = '3C-labeled position) 


ТА resonance structure such as the one shown below would indicate that an POS 


unpaired electron is associated with C2. This structure is not a proper resonance . 
An incorrect 


structure because resonance theory dictates that all resonance structures must 
resonance structure 


have the same number of unpaired electrons (see Section 13.5A). 


50% 


Review Problem 13.1 
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13.4 The Allyl Cation 


Carbocations can be allylic as well. 


@ The allyl (propenyl) cation (~) is even more stable than a secondary саг- 
bocation and is almost as stable as a tertiary carbocation. 


In general terms, the relative order of stabilities of carbocations is that given here. 


Relative Order of Carbocation Stability 


PE ANY 


Substituted allylic > 3° > Allyl > 2° > 1° > Vinyl 


The molecular orbital description of the allyl cation is shown in Fig. 13.3. 


Antibonding 
orbital 


= Nonbonding 
orbital 


Figure 13.3 The m molecular orbitals of 
the allyl cation. The allyl cation, like the 
allyl radical (Fig. 13.2), is a conjugated 
unsaturated system. The shapes of 
molecular orbitals for the allyl cation 
calculated using quantum mechanical 
principles are shown alongside the 
schematic orbitals. Schematic molecular orbitals Calculated molecular orbitals 


| Bonding 


orbital 


The bonding m molecular orbital of the allyl cation, like that of the allyl radical 
(Fig. 13.2), contains two spin-paired electrons. The nonbonding 7 molecular orbital of the 
allyl cation, however, is empty. 

Resonance theory depicts the allyl cation as a hybrid of structures D and E represented here: 


Because D and E are equivalent resonance structures, resonance theory predicts that the 
allyl cation should be unusually stable. Since the positive charge is located on C3 in D and 
on C1 in E, resonance theory also tells us that the positive charge should be delocalized 
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over both carbon atoms. Carbon atom 2 carries none of the positive charge. The hybrid struc- 
ture F includes charge and bond features of both D and E: 
2 


LAAS 
Ô+ 9+ 
Е 


Solved Problem 13.3 


Allyl bromide (3-bromo-1-propene) forms a carbocation readily. For example, it undergoes 51 reactions. Explain 
this observation. 
STRATEGY AND ANSWER Ionization of allyl bromide но 

2 


(at right) produces an allyl cation that is unusually sta- РАЧИ =p 22+ < + 
ble (far more stable than a simple primary carbocation) = 


because it is resonance stabilized. Resonance-stabilized carbocation 
(a) Draw resonance structures for the carbocation that could be е. Review Problem 13.2 
formed from (£)-2-butenyl trifluoromethanesulfonate. US OTf 


(b) One of the resonance structures for this carbocation should be a more important con- 
tributor to the resonance hybrid than the other. Which resonance structure would be the 
greater contributor? 


(c) What products would you expect if this carbocation reacted with a chloride ion? 


13.5 Resonance Theory Revisited 


We have already used resonance theory in earlier chapters, and we have been using it exten- 


sively in this chapter because we are describing radicals and ions with delocalized elec- Helpful Hint 

trons (and charges) in т bonds. Resonance theory is especially useful with systems like ^ Бесопапсе is an important tool we 
this, and we shall use it again and again in the chapters that follow. In Section 1.8 we had use frequently when discussing 
an introduction to resonance theory and an initial presentation of some rules for writing structure and reactivity. 


resonance structures. It should now be helpful, in light of our previous discussions of rel- 
ative carbocation stability and radicals, and our growing understanding of conjugated sys- 
tems, to review and expand on those rules as well as those for the ways in which we estimate 
the relative contribution a given structure will make to the overall hybrid. 


13.5A Rules for Writing Resonance Structures 


1. Resonance structures exist only on paper. Although they have no real existence of 
their own, resonance structures are useful because they allow us to describe mole- 
cules, radicals, and ions for which a single Lewis structure is inadequate. Instead, we 
write two or more Lewis structures, calling them resonance structures or resonance 
contributors. We connect these structures by double-headed arrows (<>), and we 
say that the hybrid of all of them represents the real molecule, radical, or ion. 


2. In writing resonance structures, we are only allowed to move electrons. The posi- 
tions of the nuclei of the atoms must remain the same in all of the structures. Structure 
3 is not a resonance structure for the allylic cation, for example, because in order to 
form it we would have to move a hydrogen atom and this is not permitted: 


АДДА um 
| a | 
These are resonance This is not a proper 
structures for the allylic resonance structure 
cation formed when for the allylic cation 
1,3-butadiene accepts because a hydrogen 
a proton. atom has been moved. 


Generally speaking, when we move electrons we move only those of т bonds (as in 
the example above) and those of lone pairs. 
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3. All of the structures must be proper Lewis structures. We should not write struc- 
tures in which carbon has five bonds, for example: 


This shift would give a 
carbon 10 electrons This is not a proper resonance 
structure for tert-butanol 


because carbon has five bonds. 
ОН бе Н Elements of the first major 
om 07 row of the periodic table 


cannot have more than eight 
electrons in their valence shell. 


4. All resonance structures must have the same number of unpaired electrons. The 
structure on the right is not a proper resonance structure for the allyl radical because 
it contains three unpaired electrons whereas the allyl radical contains only one: 


——— ] Y 


This is not a proper resonance structure 
for the allyl radical because it does not 
contain the same number of unpaired 

electrons as CH,—CHCH,.. 


5. All atoms that are part of the delocalized 7-electron system must lie in a plane 
or be nearly planar. For example, 2,3-di-tert-butyl-1,3-butadiene behaves like a non- 
conjugated diene because the large tert-butyl groups twist the structure and prevent 
the double bonds from lying in the same plane. Because they are not in the same plane, 
the p orbitals at C2 and C3 do not overlap and delocalization (and therefore reso- 
nance) is prevented: 


t-Bu 


vA 


t-Bu 
2,3-Di-tert-butyl-1,3-butadiene 


~ 


The energy of the actual molecule is lower than the energy that might be esti- 
mated for any contributing structure. The actual allyl cation, for example, is more 
stable than either resonance structure 4 or 5 taken separately would indicate. 
Structures 4 and 5 resemble primary carbocations and yet the allyl cation is more sta- 
ble (has lower energy) than a secondary carbocation. Chemists often call this kind of 
stabilization resonance stabilization: 


22 << A 
5 


+ + 


4 


In Chapter 14 we shall find that benzene is highly resonance stabilized because it is 
a hybrid of the two equivalent forms that follow: 


<—ә ОГ 
Resonance structures Representation 
for benzene of hybrid 


7. Equivalent resonance structures make equal contributions to the hybrid, and a 
system described by them has a large resonance stabilization. Structures 4 and 5 
above make equal contributions to the allylic cation because they are equivalent. They 
also make a large stabilizing contribution and account for allylic cations being unusu- 
ally stable. The same can be said about the contributions made by the equivalent struc- 
tures A and B (Section 13.3B) for the allyl radical. 


13.5 Resonance Theory Revisited 


8. The more stable a structure is (when taken by itself), the greater is its 
contribution to the hybrid. Structures that are not equivalent do not make equal 
contributions. For example, the following cation is a hybrid of structures 6 and 7. 
Structure 6 makes a greater contribution than 7 because structure 6 is a more stable 
tertiary carbocation while structure 7 is a primary cation: 


That 6 makes a larger contribution means that the partial positive charge on carbon 
b of the hybrid will be larger than the partial positive charge on carbon d. It also means 
that the bond between carbon atoms c and d will be more like a double bond than 
the bond between carbon atoms b and c. 


13.5B Estimating the Relative Stability of Resonance 
Structures 


The following rules will help us in making decisions about the relative stabilities of reso- 
nance structures. 
a. The more covalent bonds a structure has, the more stable it is. This is exactly 
what we would expect because we know that forming a covalent bond lowers the 
energy of atoms. This means that of the following structures for 1,3-butadiene, 8 
is by far the most stable and makes by far the largest contribution because it con- 
tains one more bond. (It is also more stable for the reason given under rule c.) 
(= P Н 
LË < МКА э ode 
8 9 10 
0—4 


This structure is the 
most stable because it 
contains more covalent 
bonds. 


b. Structures in which all of the atoms have a complete valence shell of electrons 
(i.e., the noble gas structure) are especially stable and make large contribu- 
tions to the hybrid. Again, this is what we would expect from what we know about 
bonding. This means, for example, that 12 makes a larger stabilizing contribution 
to the cation below than 11 because all of the atoms of 12 have a complete valence 
shell. (Notice too that 12 has more covalent bonds than 11; see rule a.) 


o RI. 


11 12 
Here this carbon Here the carbon 
atom has only six atom has eight 
electrons. electrons. 


c. Charge separation decreases stability. Separating opposite charges requires energy. 
Therefore, structures in which opposite charges are separated have greater energy 
(lower stability) than those that have no charge separation. This means that of the fol- 
lowing two structures for vinyl chloride, structure 13 makes a larger contribution 
because it does not have separated charges. (This does not mean that structure 14 does 
not contribute to the hybrid; it just means that the contribution made by 14 is smaller.) 


FE! — `: din 


13 14 
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Solved Problem 13.4 


Write resonance structures for О and tell which structure would be the greater contributor to the resonance 
е7 
hybr id. 


STRATEGY AND ANSWER We write the structure for the molecule and then move the electron pairs as shown 
below. Then we examine the two structures. The second structure contains separated charges (which would make 
it less stable) and the first structure contains more bonds (which would make it more stable). Both factors tell us 
that the first structure is more stable. Consequently, it should be the greater contributor to the hybrid. 


p. — E 


More bonds Separated charges 
Review Problem 13.3 Write the important resonance structures for each of the following: 


(f CH,—CH—Br 


(b) ~ + 
(g) or 
(c) g O 
(h) A. 


+ 
Ф 
(9) 
GQ “мо 
Review Problem 13.4 From each set of resonance structures that follow, designate the one that would contribute 


most to the hybrid and explain your choice: 


"TM РЧР -— 
vente; 


| |. 
(е) UNO ANS 
s 


О о" 
а + 

( ) —€— —À — As, 

(ZO aa AN” SS as AANA 


(D :NH,—C-N: < NH,—C—N.- 
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The following enol (an alkene-alchoo/) and keto (a ketone) forms of C2H4O differ in the posi- Review Problem 13.5 
tions for their electrons, but they are not resonance structures. Explain why they are not. 


C2H40 E А 
Enol form Keto form 


13.6 Alkadienes and Polyunsaturated Hydrocarbons 


Many hydrocarbons are known that contain more than one double or triple bond. A hydro- 
carbon that contains two double bonds is called an alkadiene; one that contains three dou- 
ble bonds is called an alkatriene, and so on. Colloquially, these compounds are often 
referred to simply as dienes or trienes. A hydrocarbon with two triple bonds is called an 
alkadiyne, and a hydrocarbon with a double and triple bond is called an alkenyne. 

The following examples of polyunsaturated hydrocarbons illustrate how specific com- 
pounds are named. Recall from IUPAC rules (Sections 4.5 and 4.6) that the numerical 
locants for double and triple bonds can be placed at the beginning of the name or imme- 
diately preceding the respective suffix. We provide examples of both styles. 


3 1 
2 a 4 8 1 4 2,2 
1 2 3 
CH,—C—CH, Ра“ а 27 У аи 
1,2-Propadiene 1,3-Butadiene (3Z)-Penta-1,3-diene Pent-1-en-4-yne 
(allene, or propa-1,2-diene) (buta-1,3-diene) (cis-penta-1,3-diene) 
2 4 6 2 3 5 2 4 6 8 
РЧР ie af " ЈИ B RT 
(2E,4E)-2,4-Hexadiene (2Z,AE)-Hexa-2,4-diene (2E,4E,6E)-Octa-2,4,6-triene 
(trans, trans-2,4-hexadiene) (cis, trans-hexa-2,4-diene) (trans, trans, trans-octa-2,4,6-triene) 


2 3 
1 3 2 4 
6 4 1 5 
5 6 
1,3-Cyclohexadiene 1,4-Cyclohexadiene 
The multiple bonds of polyunsaturated compounds are classified as being cumulated, 


conjugated, or isolated. 


€ The double bonds of a 1,2-diene (such as 1,2-propadiene, also called allene) are 
said to be cumulated because one carbon (the central carbon) participates in two 
double bonds. 


Hydrocarbons whose molecules have cumulated double bonds are called cumulenes. The 
name allene (Section 5.18) is also used as a class name for molecules with two cumulated 


double bonds: 
H 
N OH N N 
Cumulated C=C=0 5 C—C-—C. 
double bonds H H / 
Allene A cumulated diene 


An example of a conjugated diene is 1,3-butadiene. 
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9 In conjugated polyenes the double and single bonds alternate along the chain: 


"2 m d bM 
Conjugated 2 Шт Nes "d 
double bonds У oc 

1,3-Butadiene A conjugated diene 


(2E,AE,6E)-Octa-2,4,6-triene is an example of a conjugated alkatriene. 


© If one or more saturated carbon atoms intervene between the double bonds of an 
alkadiene, the double bonds are said to be isolated. 


An example of an isolated diene is 1,4-pentadiene: 


N "4 N rd 


C=C C=C 
Isolated А E CH 74 N AN. 
double bonds _ (СНО) | | 
An isolated diene 1,4-Pentadiene 
(n40) 
Review Problem 13.6 (a) Which other compounds in Section 13.6 are conjugated dienes? 


(b) Which other compounds are isolated dienes? 


(c) Which compound is an isolated enyne? 


In Chapter 5 we saw that appropriately substituted cumulated dienes (allenes) give rise 
to chiral molecules. Cumulated dienes have had some commercial importance, and cumu- 
lated double bonds are occasionally found in naturally occurring molecules. In general, 
cumulated dienes are less stable than isolated dienes. 

The double bonds of isolated dienes behave just as their name suggests—as isolated 
“enes.” They undergo all of the reactions of alkenes, and, except for the fact that they are 
capable of reacting twice, their behavior is not unusual. Conjugated dienes are far more 
interesting because we find that their double bonds interact with each other. This interac- 
tion leads to unexpected properties and reactions. We shall therefore consider the chem- 
istry of conjugated dienes in detail. 


13.7 1,3-Butadiene: Electron Delocalization 


13.7A Bond Lengths of 1,3-Butadiene 


The carbon-carbon bond lengths of 1,3-butadiene have been determined and are shown here: 


Double bonds É -34 3 
are shorter 2 : 
than single 12 d 

aso 1.47 À 


The C1— C2 bond and ће C3— C4 bond are (within experimental error) the same length 
as the carbon-carbon double bond of ethene. The central bond of 1,3-butadiene (1.47 À), 
however, is considerably shorter than the single bond of ethane (1.54 À). 

This should not be surprising. All of the carbon atoms of 1,3-butadiene are sp? hybridized 
and, as a result, the central bond of butadiene results from overlapping sp? orbitals. And, 
as we know, a sigma bond that is sp^-sp? is longer. There is, in fact, a steady decrease in 
bond length of carbon-carbon single bonds as the hybridization state of the bonded atoms 
changes from sp? to sp (Table 13.1). 
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| тави 13.1 | Carbon-Carbon Single-Bond Lengths апа Hybridization State 


Compound Hybridization State Bond Length (À) 
H3C— CH3 sp?-sp? 1.54 
CH»==CH—CH3 sp^-sp? 1.50 
CH=CH— CH=CH) sp^-sp? 1.47 
HC=C— СНз sp-sp? 1.46 
HC=C— CH=CH? sp-sp? 1.43 
HC=C—C=CH sp-sp 1.37 


13.7B Conformations of 1,3-Butadiene 


There are two possible planar conformations of 1,3-butadiene: the s-cis and the s-trans con- 
formations. 


2 2 rotate 2 / 
А \ about А 3 


s-cis Conformation е8 s-trans Conformation 


of 1,3-butadiene of 1,3-butadiene 


These are not true cis and trans forms since the s-cis and s-trans conformations of 1,3-buta- 
diene can be interconverted through rotation about the single bond (hence the prefix s). The 
s-trans conformation is the predominant one at room temperature. We shall see that the s- 
cis conformation of 1,3-butadiene and other 1,3-conjugated alkenes is necessary for the 
Diels—Alder reaction (Section 13.11). 


Solved Problem 13.5 


Provide an explanation for the fact that many more molecules are in the s-trans conformation of 1,3-butadiene at 


equilibrium. 

STRATEGY AND ANSWER The s-cis conformation of Steric interference 
1,3-butadiene is less stable, and therefore less populated, of hydrogen atoms “у 

than the s-trans conformer because it has steric interference N | H H 
between the hydrogen atoms at carbons 1 and 4. Interference A rotation about , N # 

of this kind does not exist in the s-trans conformation, and N eS HE 

therefore, the s-trans conformation is more stable and more s-trans Conformation s-cis Conformation 
populated at equilibrium. is more stable is less stable 


13.7C Molecular Orbitals of 1,3-Butadiene 


The central carbon atoms of 1,3-butadiene (Fig. 13.4) are close enough for overlap to occur 
between the p orbitals of C2 and C3. This overlap is not as great as that between the orbitals 
of C1 and C2 (or those of C3 and C4). The C2—C3 orbital overlap, however, gives the cen- 
tral bond partial double-bond character and allows the four 7 electrons of 1,3-butadiene to 
be delocalized over all four atoms. 

Figure 13.5 shows how the four p orbitals of 1,3-butadiene combine to form a set of 
four т molecular orbitals. 


ө Two of the 7 molecular orbitals of 1,3-butadiene are bonding molecular orbitals. Figure 13.4 The p orbitals of 


In the ground state these orbitals hold the four z electrons with two spin-paired T3 putadiene. (Sae id. з 
1 А h for the shapes of calculated 
electrons 1n each. molecular orbitals for 


@ The other two 7 molecular orbitals are antibonding molecular orbitals. In the 1,3-butadiene.) 
ground state these orbitals are unoccupied. 
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Antibonding 
molecular 
orbitals 
B се 
ELS ПРВЕ Р: PEN 
Four isolated p orbitals 
(with an electron in each) 
v wk 
Bonding 
molecular 
orbitals 
Figure 13.5 Formation of 
the z molecular orbitals of | 
. А 7 
1,3-butadiene from four isolated 
p orbitals. The shapes of mole- 
cular orbitals for 1,3-butadiene 
calculated using quantum 
mechanical principles are shown 
alongside the schematic orbitals. Schematic molecular orbitals Calculated molecular orbitals 


An electron can be excited from the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO) when 1,3-butadiene absorbs light with a 
wavelength of 217 nm. (We shall study the absorption of light by unsaturated molecules in 
Section 13.9.) 


@ The delocalized bonding that we have just described for 1,3-butadiene is character- 
istic of all conjugated polyenes. 


13.8 The Stability of Conjugated Dienes 


€ Conjugated alkadienes are thermodynamically more stable than isomeric isolated 
alkadienes. 


Two examples of this extra stability of conjugated dienes can be seen in an analysis of the 
heats of hydrogenation given in Table 13.2. 


13.8 The Stability of Conjugated Dienes 


СЗЭ Heats of Hydrogenation of Alkenes апа Alkadienes 


н, AH? 
Compound (mol) (kJ mol") 


=7127 
—126 


1-Butene 1 

1-Pentene 1 

trans-2-Pentene 1 =115 
1,3-Butadiene 2 —239 
trans-1,3-Pentadiene 2 —226 
1,4-Pentadiene 2 – 254 
1,5-Hexadiene 2 —253 


In itself, 1,3-butadiene cannot be compared directly with an isolated diene of the same 
chain length. However, a comparison can be made between the heat of hydrogenation of 
1,3-butadiene and that obtained when two molar equivalents of 1-butene are hydrogenated: 


AH? (kJ тог") 


24/7 + 2H. — 22^ 2x (-127) = —254 
1-Butene 

P d а + 2H, — OMM = —239 

1,3-Butadiene Difference 15 kJ тог“! 


Because 1-butene has a monosubstituted double bond like those in 1,3-butadiene, we might 
expect hydrogenation of 1,3-butadiene to liberate the same amount of heat (254 kJ mol 5 
as two molar equivalents of 1-butene. We find, however, that 1,3-butadiene liberates only 
239 kJ mol !, 15 kJ mol! Jess than expected. We conclude, therefore, that conjugation 
imparts some extra stability to the conjugated system (Fig. 13.6). 


2 “< +2 Н, 
Difference P dct d 
15 kJ тог! +2 Н; 
AH? = –254 kJ тог! AH? = –239 kJ тог! 


Figure 13.6 Heats of hydrogenation 
OOS of 2 mol of 1-butene and 1 mol of 
1,3-butadiene. 


An assessment of the stabilization that conjugation provides trans-1,3-pentadiene can 
be made by comparing the heat of hydrogenation of trans-1,3-pentadiene to the sum of the 
heats of hydrogenation of 1-pentene and trans-2-pentene. This way we are comparing dou- 
ble bonds of comparable types: 


gi SV S AH? = —126 kJ тог 


1-Pentene 


ОБ AH? = —115 kJ mol! 


trans-2-Pentene Sum = —244 kJ тог! 
P din aa AH? = —226 kJ тог 


trans-1,3-Pentadiene Difference = 15 kJ mol 
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We see from these calculations that conjugation affords trans-1,3-pentadiene an extra 
stability of 15 kJ mol | ! a value that is equivalent, to two significant figures, to the one we 
obtained for 1,3-butadiene (15 kJ mol” !). 

When calculations like these are carried out for other conjugated dienes, similar results 
are obtained; conjugated dienes are found to be more stable than isolated dienes. The ques- 
tion, then, is this: What is the source of the extra stability associated with conjugated dienes? 
There are two factors that contribute. The extra stability of conjugated dienes arises in part 
from the stronger central bond that they contain and, in part, from the additional delocal- 
ization of the 7 electrons that occurs in conjugated dienes. 


Solved Problem 13.6 


Which diene would you expect to be more stable: 1,3-cyclohexadiene or 1,4-cyclohexadiene? Why? What exper- 
iment could you carry out to confirm your answer? 


STRATEGY AND ANSWER 1,3-Cyclohexadiene is conjugated, and on that basis we would expect it to be more 
stable. We could determine the heats of hydrogenation of the two compounds, and since on hydrogenation each 
compound yields the same product, the diene with the smaller heat of hydrogenation would be the more stable one. 


2H, 2H, 
ees QE. 
Pt Pt 


1,3-Cyclohexadiene Cyclohexane  1,4-Cyclohexadiene 
(a conjugated diene) (an isolated diene) 


13.9 Ultraviolet-Visible Spectroscopy 


The extra stability of conjugated dienes when compared to corresponding unconjugated 
dienes can also be seen in data from ultraviolet-visible (UV—Vis) spectroscopy. When 
electromagnetic radiation in the UV and visible regions passes through a compound con- 
taining multiple bonds, a portion of the radiation is usually absorbed by the compound. Just 
how much radiation is absorbed depends on the wavelength of the radiation and the struc- 
ture of the compound. 


@ The absorption of UV- Vis radiation is caused by transfer of energy from the radia- 
tion beam to electrons that can be excited to higher energy orbitals. 


In Section 13.9C we shall return to discuss specifically how data from UV- Vis spectroscopy 
demonstrate the additional stability of conjugated dienes. First, in Section 13.9A we briefly 
review the properties of electromagnetic radiation, and then in Section 13.9B we look at 
how data from a UV-Vis spectrophotometer are obtained. 


13.9A The Electromagnetic Spectrum 


According to quantum mechanics, electromagnetic radiation has a dual and seemingly con- 
tradictory nature. 


ө Electromagnetic radiation can be described as a wave occurring simultaneously in 
electrical and magnetic fields. It can also be described as if it consisted of particles 
called quanta or photons. 


Different experiments disclose these two different aspects of electromagnetic radiation. They 
are not seen together in the same experiment. 


9 A wave is usually described in terms of its wavelength (A) or its frequency (у). 
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A simple wave is shown in Fig. 13.7. The distance between consecutive crests (or 
troughs) is the wavelength. The number of full cycles of the wave that pass a given point 
each second, as the wave moves through space, is called the frequency and is measured in 
cycles per second (cps), or hertz (Hz).* 


One cycle 
À 
Figure 13.7 A simple wave 
| A ; and its wavelength, A. 


All electromagnetic radiation travels through a vacuum at the same velocity. This veloc- 
ity (c), called the velocity of light, is 2.99792458 х 108 m s^! and relates to wavelength 
and frequency as c — Av. The wavelengths of electromagnetic radiation are expressed either 
in meters (m), millimeters (1 mm = 10573 m), micrometers (1 um = 1076 m), or nanome- 
ters (1 nm = 107° m). [An older term for micrometer is micron (abbreviated u) and an older 
term for nanometer is millimicron.] 

The energy of a quantum of electromagnetic energy is directly related to its frequency: 


E = hv 
where h = Planck’s constant, 6.63 X 1074 J s 
v = frequency (Hz) 


The higher the frequency (v) of radiation, 
the greater is its energy. 


X-Rays, for example, are much more energetic than rays of visible light. The frequencies 
of X-rays are on the order of 1019 Hz, while those of visible light are on the order of 10? Hz. 

Since v — c/A, the energy of electromagnetic radiation is inversely proportional to its 
wavelength: 


where c = velocity of light 


The shorter the wavelength (4) of radiation, 
the greater is its energy. 


X-Rays have wavelengths on the order of 0.1 nm and are very energetic, whereas visi- 
ble light has wavelengths between 400 and 750 nm and is, therefore, of lower energy than 
X-rays. 

It may be helpful to point out, too, that for visible light, wavelengths (and thus fre- 
quencies) are related to what we perceive as colors. The light that we call red light has a 
wavelength of approximately 650 nm. The light we call violet light has a wavelength of 
approximately 400 nm. All of the other colors of the visible spectrum (the rainbow) lie in 
between these wavelengths. 


*The term hertz (after the German physicist H. R. Hertz), abbreviated Hz, is used in place of the older term 
cycles per second (cps). Frequency of electromagnetic radiation is also sometimes expressed in wavenumbers, 
that is, the number of waves per centimeter. 


+A convenient formula that relates wavelength (in nm) to the energy of electromagnetic radiation is the 
following: 


1.20 X 107° kJ mol! 
wavelength in nanometers 


E (in kJ mol!) 
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Figure 13.8 The electromagnetic spectrum. 


The different regions of the electromagnetic spectrum are shown in Fig. 13.8. Nearly 
every portion of the electromagnetic spectrum from the region of X-rays to that of 
microwaves and radio waves has been used in elucidating structures of atoms and mole- 
cules. Although techniques differ according to the portion of the electromagnetic spectrum 
in which we are working, there is a consistency and unity of basic principles. 


13.98 UV-Vis Spectrophotometers 


Ф А UV-Vis spectrophotometer (Fig. 13.9) measures the amount of light absorbed 
by a sample at each wavelength of the UV and visible regions of the electromag- 
netic spectrum. 


UV light source 
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Visible light source 


— 


| tans Reference 
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Mirror Sample 


Lens detector 
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Figure 13.9 А diagram of a UV-Vis spectrophotometer. (Courtesy William Reusch, 
www.cem.msu.edu/~reusch. © 1999) 


13.9 Ultraviolet-Visible Spectroscopy 


UV and visible radiation are of higher energy (shorter wavelength) than infrared radiation 
(used in IR spectroscopy) and radio frequency radiation (used in NMR) but not as ener- 
getic as X-radiation (Fig. 13.8). 

In a standard UV- Vis spectrophotometer (Fig. 13.9) a beam of light is split; one half of 
the beam (the sample beam) is directed through a transparent cell containing a solution of 
the compound being analyzed, and one half (the reference beam) is directed through an 
identical cell that does not contain the compound but contains the solvent. Solvents are cho- 
sen to be transparent in the region of the spectrum being used for analysis. The instrument 
is designed so that it can make a comparison of the intensities of the two beams as it scans 
over the desired region of wavelengths. If the compound absorbs light at a particular wave- 
length, the intensity of the sample beam (Zs) will be less than that of the reference beam 
(Ig). The absorbance at a particular wavelength is defined by the equation А, = log(/p/Is). 


ө Data from a UV-Vis spectrophotometer are presented as an absorption spectrum, 
which is a graph of wavelength (4) versus sample absorbance (A) at each wave- 
length in the spectral region of interest. 


(In diode-array UV-Vis spectrophotometers the absorption of all wavelengths of light in 
the region of analysis is measured simultaneously by an array of photodiodes. The absorp- 
tion of the solvent is measured over all wavelengths of interest first, and then the absorp- 
tion of the sample is recorded over the same range. Data from the solvent are electronically 
subtracted from the data for the sample. The difference is then displayed as the absorption 
spectrum for the sample.) 

A typical UV absorption spectrum, that of 2,5-dimethyl-2,4-hexadiene, is given in 
Fig. 13.10. It shows a broad absorption band in the region between 210 and 260 nm, with 
the maximum absorption at 242.5 nm. 


@ The wavelength of maximum absorption in a given spectrum is usually reported in 
the chemical literature as Aga. 


In addition to reporting the wavelength of maximum absorption (Алах), chemists often 
report another quantity called the molar absorptivity, 2. (In older literature, the molar absorp- 
tivity, 2, is often referred to as the molar extinction coefficient.) 
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Figure 13.10 The UV absorption spectrum of 2,5-dimethyl-2,4-hexadiene in methanol at а 
concentration of 5.95 x 107? M in a 1.00-cm cell. ©Bio-Rad Laboratories, Inc. Informatics Division, 
Sadtler Software & Databases (1960-2006). All Rights Reserved. Permission for the publication 
herein of Sadtler Spectra has been granted by Bio-Rad Laboratories, Inc., Informatics Division. 
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Helpful Hint 


UV-Vis spectroscopic evidence for 
conjugated z-electron systems. 
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€ The molar absorptivity (e, in units of M~! ст!) indicates the intensity of the 
absorbance for a sample at a given wavelength. It is a proportionality constant that 
relates absorbance to molar concentration of the sample (M) and the path length 
(1, in cm) of light through the sample. 


€ The equation that relates absorbance (A) to concentration (C) and path length (/) 
via molar absorptivity (£) is called Beer's law. 


A—-gXxXCXl ог e= Beer's law 


CXI 


For 2,5-dimethyl-2,4-hexadiene dissolved in methanol the molar absorptivity at the wave- 
length of maximum absorbance (242.5 nm) is 13,100 M 71 ст“ !, In the chemical literature 
this would be reported as 


2,5-Dimethyl-2,4-hexadiene, amethanol 242,5 nm (e = 13,100) 


13.9C Absorption Maxima for Nonconjugated 
and Conjugated Dienes 


As we noted earlier, when compounds absorb light in the UV and visible regions, electrons 
are excited from lower electronic energy levels to higher ones. For this reason, visible and 
UV spectra are often called electronic spectra. The absorption spectrum of 2,5-dimethyl- 
2,4-hexadiene is a typical electronic spectrum because the absorption band (or peak) is very 
broad. Most absorption bands in the visible and UV region are broad because each elec- 
tronic energy level has associated with it vibrational and rotational levels. Thus, electron 
transitions may occur from any of several vibrational and rotational states of one electronic 
level to any of several vibrational and rotational states of a higher level. 


@ Alkenes and nonconjugated dienes usually have absorption maxima (Ajax) below 
200 nm. 


Ethene, for example, gives an absorption maximum at 171 nm; 1,4-pentadiene gives an 
absorption maximum at 178 nm. These absorptions occur at wavelengths that are out of the 
range of operation of most ultraviolet-visible spectrometers because they occur where the 
oxygen in air also absorbs. Special air-free techniques must be employed in measuring them. 


€ Compounds containing conjugated multiple bonds have absorption maxima (Aq) 
at wavelengths longer than 200 nm. 


1,3-Butadiene, for example, absorbs at 217 nm. This longer wavelength absorption by con- 
jugated dienes is a direct consequence of conjugation. 

We can understand how conjugation of multiple bonds brings about absorption of light 
at longer wavelengths if we examine Fig. 13.11. 
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: 1 
of the п molecular orbitals of ethene 


and 1,3-butadiene (Section 13.7C). —— PR 
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€ When a molecule absorbs light at its longest wavelength, an electron is excited 
from its highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO). 


ө For most alkenes and alkadienes the HOMO is a bonding т orbital and the LUMO 
is an antibonding т“ orbital. 


The wavelength of the absorption maximum is determined by the difference in energy 
between these two levels. The energy gap between the HOMO and LUMO of ethene is 
greater than that between the corresponding orbitals of 1,3-butadiene. Thus, the 7 ——> 7* 
electron excitation of ethene requires absorption of light of greater energy (shorter wave- 
length) than the corresponding m —> та“ excitation in 1,3-butadiene. The energy dif- 
ference between the HOMOs and the LUMOs of the two compounds is reflected in their 
absorption spectra. Ethene has its Amax at 171 nm; 1,3-butadiene has a Amax at 217 nm. 

The narrower gap between the HOMO and the LUMO in 1,3-butadiene results from the 
conjugation of the double bonds. Molecular orbital calculations indicate that a much larger 
gap should occur in isolated alkadienes. This is borne out experimentally. Isolated alkadi- 
enes give absorption spectra similar to those of alkenes. Their Ллах are at shorter wave- 
lengths, usually below 200 nm. As we mentioned, 1,4-pentadiene has its Amax at 178 nm. 

Conjugated alkatrienes absorb at longer wavelengths than conjugated alkadienes, and 
this too can be accounted for in molecular orbital calculations. The energy gap between 
the HOMO and the LUMO of an alkatriene is even smaller than that of an alkadiene. 


9 In general, the greater the number of conjugated multiple bonds in a molecule, the 
longer will be its Aga. 


THE CHEMISTRY OF ... 


The Photochemistry of Vision 
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The chemical changes that occur when light impinges on the 
retina of the eye involve several of the phenomena that we 
have studied. Central to an understanding of the visual 
process at the molecular level are two phenomena in par- 
ticular: the absorption of light by conjugated polyenes and 
the interconversion of cis-trans isomers. The conjugated 
polyene, derived from a compound called retinal, is a part 
of a molecule called rhodopsin. 

When rhodopsin absorbs a photon of light, the 11-cis- 
retinal chromophore isomerizes to the all-trans form, causing 


(11-cis) 
11 12 


hv (a photon 
of light) 


the cyclohexene ring of the chromophore to swing into a dif- 
ferent orientation. The first photo-product is an intermedi- 
ate called bathorhodopsin, which through a series of steps 
becomes metarhodopsin II, shown below. It is believed that 
repositioning of the retinal cyclohexene ring, through the 11- 
cis to all-trans isomerization, causes further conformational 
changes in the protein that ultimately initiate a cascade of 
enzymatic reactions and transmission of a neural signal to 
the brain. 


Enzymatic cascade 
and 
nerve impulse 
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Polyenes with eight or more conjugated double bonds absorb light in the visible region 
of the spectrum. For example, B-carotene, a precursor of vitamin A and a compound that 
imparts its orange color to carrots, has 11 conjugated double bonds; f9-carotene has an 
absorption maximum at 497 nm, well into the visible region. Light of 497 nm has a blue- 
green color; this is the light that is absorbed by B-carotene. We perceive the complemen- 
tary color of blue green, which is red orange. 


LX Uu OS TO ETS TS yO SO Say А 


В-Сагоїепе 


Lycopene, a compound partly responsible for the red color of tomatoes, also has 11 conju- 
gated double bonds. Lycopene has an absorption maximum at 505 nm where it absorbs intensely. 
(Approximately 0.02 g of lycopene can be isolated from 1 kg of fresh, ripe tomatoes.) 


Lycopene 


Table 13.3 gives the values of Алах for a number of unsaturated compounds. 


СЗЭ Long-Wavelength Absorption Maxima of Unsaturated Hydrocarbons 


Emax 
Compound Structure Amax (nm) (M^! стг) 
Ethene CH=CH 171 15,530 
trans-3-Hexene Pa d 184 10,000 
Cyclohexene g 182 7,600 
1-Octene qu Su, ORE S 177 12,600 
1-Octyne " und 185 2,000 
1,3-Butadiene P do d 217 21,000 
cis-1,3-Pentadiene РАНА 223 22,600 
trans-1,3-Pentadiene P du QT 223.5 23,000 
РАД 

But-1-en-3-yne SS 228 7,800 
1,4-Pentadiene ЈУ s 178 17,000 


1,3-Cyclopentadiene 239 3,400 


1,3-Cyclohexadiene o 256 8,000 


trans-1,3,5-Hexatriene Ун a а 274 50,000 


13.9 Ultraviolet-Visible Spectroscopy 


Compounds with carbon-oxygen double bonds also absorb light in the UV region. 
Acetone, for example, has a broad absorption peak at 280 nm that corresponds to the exci- 


tation of an electron from one of the unshared pairs (a nonbonding or “n” electron) to the 
Tr* orbital of the carbon-oxygen double bond: 


Acetone 
PM. Д 
5 
Л ла = 280 nm 


Ground state п * Excited state 


Emax = 19 
Compounds in which the carbon-oxygen double bond is conjugated with a carbon-carbon 
double bond have absorption maxima corresponding to п ——> 7* excitations and т — 
T* excitations. The n —— 7r* absorption maxima occur at longer wavelengths but are 
much weaker (1.е., have smaller molar absorptivity (=) values): 


О 


~ 


Amar = 324 пт, Ерих = 24 
тэ «* Ama = 219 nm, e,,, = 3600 


13.9D Analytical Uses of UV-Vis Spectroscopy 


UV-Vis spectroscopy can be used in the structure elucidation of organic molecules to indi- 
cate whether conjugation is present in a given sample. Although conjugation in a molecule 
may be indicated by data from IR, NMR, or mass spectrometry, UV- Vis analysis can pro- 
vide corroborating information. 

A more widespread use of UV- Vis spectroscopy, however, has to do with determin- 
ing the concentration of an unknown sample. As mentioned in Section 13.9B, the rela- 
tionship A = eC indicates that the amount of absorption by a sample at a certain 
wavelength is dependent on its concentration. This relationship is usually linear over a 
range of concentrations suitable for analysis. To determine the unknown concentration 
of a sample, a graph of absorbance versus concentration is made for a set of standards 
of known concentrations. The wavelength used for analysis is usually the Amax of the sam- 
ple. The concentration of the sample is obtained by measuring its absorbance and deter- 
mining the corresponding value of concentration from the graph of known concentrations. 
Quantitative analysis using UV- Vis spectroscopy is routinely used in biochemical stud- 
ies to measure the rates of enzymatic reactions. The concentration of a species involved 
in the reaction (as related to its UV—Vis absorbance) is plotted versus time to determine 
the rate of reaction. UV- Vis spectroscopy is also used in environmental chemistry to 
determine the concentration of various metal ions (sometimes involving absorption spec- 
tra for organic complexes with the metal) and as a detection method in high-performance 
liquid chromatography (HPLC). 


H9 on 


Solved Problem 13.7 


Two isomeric compounds, А and B, have the molecular formula C7H;2. Compound A shows no absorption in the 
UV-visible region. The 'SC NMR spectrum of A shows only three signals. Compound B shows a UV-visible peak 
in the region of 180 nm, its ЗС NMR spectrum shows four signals, and its DEPT '3С NMR data show that none 
of its carbon atoms is a methyl group. On catalytic hydrogenation with excess hydrogen, B is converted to hep- 


tane. Propose structures for A and B. 


(Continues on the next page) 
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STRATEGY AND ANSWER On the basis of their molecular formulas, both compounds have an index of hydro- 
gen deficiency (Section 4.17) equal to 2. Therefore on this basis alone, each could contain two double bonds, 
one ring and one double bond, two rings, or a triple bond. Consider A first. The fact that A does not absorb in 
the UV-visible region suggests that it does not have any double bonds; therefore, it must contain two rings. 
A compound with two rings that would give only three signals in its 'SC spectrum is bicyclo[2.2.1]heptane 
(because it has only three distinct types of carbon atoms). 

Now consider B. The fact that B is converted to heptane on catalytic hydrogenation suggests that B is a hepta- 
diene or a heptyne with an unbranched chain. UV-visible absorption in the 180-nm region suggests that B does 
not contain conjugated т bonds. Given that the DEPT 13C data for B shows the absence of any methyl groups, and 
only four !3С signals in total, B must be 1,6-hexadiene. 


a b ~a 
A B 
Bicyclo[2.2.1]heptane 1,6-Hexadiene 
(three '?C signals) (four 1°C signals, 


none comes from a methyl group) 


Review Problem 13.7 Two compounds, A and B, have the same molecular formula, CgHg. Both A and B react 
with two molar equivalents of hydrogen in the presence of platinum to yield cyclohexane. 
Compound A shows three signals in its broadband decoupled ‘SC NMR spectrum. 
Compound B shows only two '3С NMR signals. Compound A shows an absorption max- 
imum at 256 nm, whereas B shows no absorption maximum at wavelengths longer than 
200 nm. What are the structures of A and B? 


СбНа 


ЗА 
130 NMR: 3 signals 
UV: Amax 7256 nm 


СеНв 
В 
13C NMR: 2 signals 
UV: Amax < 200 nm 


Review Problem 13.8 Propose structures for D, E, and F. 


C&Hg ІВ: no peak near 3300 ст“ ! 


D UV: Amax ~230 nm 


I Pt 
Hp, Pt Ho, Pt 
CsHg —————> AN а СНБ 
Е Е 
ІА: -3300 ст“ ', sharp IR: -3300 cm~', sharp 
UV: Amax ~230 nm UV: Amax « 200 nm 


13.10 Electrophilic Attack on Conjugated Dienes: 1,4 Addition 
Not only are conjugated dienes somewhat more stable than nonconjugated dienes, they also 
display special behavior when they react with electrophilic reagents. 


9 Conjugated dienes undergo both 1,2 and 1,4 addition through an allylic intermedi- 
ate that is common to both. 


13.10 Electrophilic Attack on Conjugated Dienes: 1,4 Addition 


For example, 1,3-butadiene reacts with one molar equivalent of hydrogen chloride to pro- 
duce two products, 3-chloro-1-butene and 1-chloro-2-butene: 


1,2 Addition 1,4 Addition 
Cl 
Za SUN H eS + H bh Рат 
22-47 OBC s CI 
1,3-Butadiene 3-Chloro-1-butene 1-Chloro-2-butene 
(78%) (22%, primarily E) 


If only the first product (3-chloro-1-butene) were formed, we would not be particularly sur- 
prised. We would conclude that hydrogen chloride had added to one double bond of 
1,3-butadiene in the usual way. It is the second product, 1-chloro-2-butene, that is initially 
surprising. Its double bond is between the central atoms, and the elements of hydrogen chlo- 
ride have added to the C1 and C4 atoms. 

To understand how both 1,2- and 1,4-addition products result from reaction of 
1,3-butadiene with HCL, consider the following mechanism. 


Step 1 


diu Ум —— a d RE LF + :Cl:- 


An allylic cation 
equivalent to 


d+ 8+ 
Step 2 
а e, f : 
EN ae 1,2 Addition 
5+ 84 E n 
Ра + Cl: 


(b) 
AO SW ор 14 Addition 


In step 1 a proton adds to one of the terminal carbon atoms of 1,3-butadiene to form, as 
usual, the more stable carbocation, in this case a resonance-stabilized allylic cation. Addition 
to one of the inner carbon atoms would have produced a much less stable primary cation, 
one that could not be stabilized by resonance: 


Addition of the electrophile in this 


H 
2“ => py" + CI fashion does not lead to an allylic 


+ (resonance-stabilized) carbocation. 
H El 


In step 2 a chloride ion forms a bond to one of the carbon atoms of the allylic cation 
that bears a partial positive charge. Reaction at one carbon atom results in the 1,2-addition 
product; reaction at the other gives the 1,4-addition product. 

Note that the designations 1,2 and 1,4 only coincidentally relate to the IUPAC number- 
ing of carbon atoms in this example. 


9 Chemists typically use 1,2 and 1,4 to refer to modes of addition to any conjugated 
diene system, regardless of where the conjugated double bonds are in the overall 
molecule. 


Thus, addition reactions of 2,4-hexadiene would still involve references to 1,2 and 1,4 modes 
of addition. 
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Review Problem 13.9 


Chapter 13 Conjugated Unsaturated Systems 


Predict the products of the following reactions. 


Pee НЕЬ, 


1,3-Butadiene shows 1,4-addition reactions with electrophilic reagents other than hydro- 
gen chloride. Two examples are shown here, the addition of hydrogen bromide (in the 
absence of peroxides) and the addition of bromine: 


Br 
HBr 
AM Wwe Au aoa: 


20% 80% 
Br 
Bh B ЗР Ме: Ви 
AM wo 7" Lt bob 
5496 46% 


Reactions of this type are quite general with other conjugated dienes. Conjugated trienes 
often show 1,6 addition. An example is the 1,6 addition of bromine to 1,3,5-cyclooctatriene: 


Br, 
—_ 
CHCI; 


Br Br 
>68% 


13.10A Kinetic Control versus Thermodynamic Control 
of a Chemical Reaction 


The addition of hydrogen bromide to 1,3-butadiene allows the illustration of another impor- 
tant aspect of reactivity—the way temperature affects product distribution in a reaction that 
can take multiple paths. In general: 


@ The favored products in a reaction at lower temperature are those formed by the 
pathway having the smallest energy of activation barrier. In this case the reaction is 
said to be under kinetic (or rate) control, and the predominant products are called 
the kinetic products. 


@ The favored products at higher temperature in a reversible reaction are those that 
are most stable. In this case the reaction is said to be under thermodynamic (or 
equilibrium) control, and the predominant products are called the thermody- 
namic (or equilibrium) products. 


Let's consider specific reaction conditions for the ionic addition of hydrogen bromide to 
1,3-butadiene. 


Case 1. When 1,3-butadiene and hydrogen bromide react at low temperature (— 80°C), 
the major product is formed by 1,2 addition. We obtain 8096 of the 1,2 prod- 
uct and 20% of the 1,4 product. 


Case 2. When 1,3-butadiene and hydrogen bromide react at high temperature (40°C), 
the major product is formed by 1,4 addition. We obtain about 20% of the 1,2 
product and about 80% of the 1,4 product. 


13.10 Electrophilic Attack on Conjugated Dienes: 1,4 Addition 


Case 3. When the product mixture from the low temperature reaction is warmed to the 
higher temperature, the product distribution becomes the same as when the reac- 
tion was carried out at high temperature, that is, the 1,4 product predominates. 


We summarize these scenarios here: 


Br 
—80°C 
З РЬ У 
AY a SS Br 
80% . 20% 
Br 
a pu" t 
P ud 
p ~ Br 
20% 80% 


Furthermore, when а pure sample of 3-bromo-1-butene (the predominant product at low 
temperature) is subjected to the high temperature reaction conditions, an equilibrium mix- 
ture results in which the 1,4 addition product predominates. 


Br 
40°C, HBr 
= Br 
1,2-Addition 1,4-Addition 
product product 


Because this equilibrium favors the 1,4-addition product, that product must be more stable. 

The reactions of hydrogen bromide with 1,3-butadiene serve as a striking illustration of 
the way that the outcome of a chemical reaction can be determined, in one instance, by rel- 
ative rates of competing reactions and, in another, by the relative stabilities of the final prod- 
ucts. At the lower temperature, the relative amounts of the products of the addition are 
determined by the relative rates at which the two additions occur; 1,2 addition occurs faster 
so the 1,2-addition product is the major product. At the higher temperature, the relative 
amounts of the products are determined by the position of an equilibrium. The 1,4-addi- 
tion product is the more stable, so it is the major product. 

This behavior of 1,3-butadiene and hydrogen bromide can be more fully understood if 
we examine the diagram shown in Fig. 13.12. 


H 


HOY a 


Figure 13.12 А schematic 
free-energy versus reaction 
coordinate diagram for the 1,2 
and 1,4 addition of HBr to 1,3- 
butadiene. An allylic carbocation 
is common to both pathways. 
The energy barrier for attack of 
bromide ion on the allylic cation 
to form the 1,2-addition product 
is less than that to form the 
1,4-addition product. The 
1,2-addition product is kinetically 
favored. The 1,4-addition 
product is more stable, and 

so it is the thermodynamically 
favored product. 


1,2 Addition 


BN .. А 
“в 1,4 Addition 


Reaction coordinate 
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@ The step that determines the overall outcome of this reaction is the step in which 
the hybrid allylic cation combines with a bromide ion. 


Br 
Br puw" 
5 $ 1,2 Product The reaction of the bromide anion 
A HBr E p Е with the allylic cation determines 


the regioselectivity of the reaction. 
Br- p d 
~ Вг 
1,4 Product 


We see in Fig. 13.12 that the free energy of activation leading to the 1,2-addition product 
is less than the free energy of activation leading to the 1,4-addition product, even though 
the 1,4 product is more stable. 


€ At low temperature, the fraction of collisions capable of surmounting the higher 
energy barrier leading to formation of the 1,4 product is smaller than the fraction 
that can cross the barrier leading to the 1,2 product. 


€ Atlow temperature, formation of the 1,2 and 1,4 products is essentially irre- 
versible because there is not enough energy for either product to cross back over 
the barrier to reform the allylic cation. Thus, the 1,2 product predominates at lower 
temperature because it is formed faster and it is not formed reversibly. It is the 
kinetic product of this reaction. 


9 At higher temperature, collisions between the intermediate ions are sufficiently 
energetic to allow rapid formation of both the 1,2 and 1,4 products. But, there is 
also sufficient energy for both products to revert to the allylic carbocation. 


9€ Because the 1,2 product has a smaller energy barrier for conversion back to 
the allylic cation than does the 1,4 product, more of the 1,2 product reverts to the 
allylic cation than does the 1,4 product. But since both the 1,4 and the 1,2 products 
readily form from the allylic cation at high temperature, eventually this equilib- 
rium leads to a preponderance of the 1,4 product because it is more stable. The 1,4 
product is the thermodynamic or equilibrium product of this reaction. 


Before we leave this subject, one final point should be made. This example clearly demon- 
strates that predictions of relative reaction rates made on the basis of product stabilities alone 
can be wrong. This is not always the case, however. For many reactions in which a common 
intermediate leads to two or more products, the most stable product is formed fastest. 


Review Problem 13.10 (a) Suggest a structural explanation for the fact that the 1,2-addition reaction of 1,3-buta- 
diene and hydrogen bromide occurs faster than 1,4 addition? [Hint: Consider the 


+ + 
relative contributions that the two forms УК ИУ апа 2“: make to the 
resonance hybrid of the allylic cation. ] 

(b) How can you account for the fact that the 1,4-addition product is more stable? 


13.11 The Diels-Alder Reaction: A 1,4-Cycloaddition Reaction of Dienes 


reaction of dienes that has since come to bear their names. The reaction proved to be one 
of such great versatility and synthetic utility that Diels and Alder were awarded the Nobel 
Prize in Chemistry in 1950. 

An example of the Diels—Alder reaction is the reaction that takes place when 1,3-buta- 
diene and maleic anhydride are heated together at 100°C. The product is obtained in quan- 
titative yield: 


M In 1928 two German chemists, Otto Diels and Kurt Alder, developed a 1,4-cycloaddition 
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о О 
Г 
м. i | о benzene, o 
100°C 
О о 


1,3-Butadiene Maleic Adduct 
(diene) anhydride (100%) 
(dienophile) 


© In general terms, the Diels-Alder reaction is one between a conjugated diene (a 
47r-electron system) and a compound containing a double bond (a 27r-electron sys- 
tem) called a dienophile (diene + philein, Greek: to love). The product of a 
Diels—Alder reaction is often called an adduct. 


In the Diels—Alder reaction, two new c bonds are formed at the expense of two т bonds Helpf ul Hint 
of the diene and dienophile. The adduct contains a new six-membered ring with a double The Diels-Alder reaction is a very 
bond. Since o bonds are usually stronger than т bonds, formation of the adduct is usually “Ч pbi doi isl Espana 
favored energetically, but most Diels—Alder reactions are reversible. | 9 

We can account for all of the bond changes in a Diels-Alder reaction by using curved 


arrows in the following way: 
Ka | 
—ә 
Q 


Diene Dienophile Adduct 


The simplest example of a Diels—Alder reaction is the one that takes place between 1,3- 
butadiene and ethene. This reaction, however, takes place much more slowly than the reac- 
tion of butadiene with maleic anhydride and also must be carried out under pressure: 


TE NO 
— 
e рава 


200°C 
20% 


Another example is the preparation of an intermediate in the synthesis of the anticancer 
drug Taxol (paclitaxel) by K. C. Nicolaou (Scripps Research Institute and the University 
of California, San Diego): 


AcO 
Diene AcO 
X ema 
Used in a synthesis 
ING of Taxol 
CN 
СХ 


о, 
Dienophile = 83% 


CI 


О 


ac = ДЕ 


(acetyl) 


С P 


(benzoyl) Taxol 
(blue atoms derived from 
the Diels-Alder adduct above) 
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13.11A Factors Favoring the Diels-Alder Reaction 


Alder originally stated that the Diels—Alder reaction is favored by the presence of electron- 
withdrawing groups in the dienophile and by electron-releasing groups in the diene. Maleic 
anhydride, a very potent dienophile, has two electron-withdrawing carbonyl groups on car- 
bon atoms adjacent to the double bond. 

The helpful effect of electron-releasing groups in the diene can also be demonstrated; 
2,3-dimethyl-1,3-butadiene, for example, is nearly five times as reactive in Diels—Alder reac- 
tions as is 1,3-butadiene. The methyl groups inductively release electron density, just as 
alkyl groups do when stabilizing a carbocation (though no carbocations are involved here). 
When 2,3-dimethyl-1,3-butadiene reacts with propenal (acrolein) at only 30°C, the adduct 
is obtained in quantitative yield: 


O O 
The methyl groups P H H 
donate electron density. 5 | 30°C 


2,3-Dimethyl-1,3- Propenal 10096 
butadiene 


Research (by C. K. Bradsher of Duke University) has shown that the locations of elec- 
tron-withdrawing and electron-releasing groups in the dienophile and diene can be reversed 
without reducing the yields of the adducts. Dienes with electron-withdrawing groups have 
been found to react readily with dienophiles containing electron-releasing groups. 

Besides the use of dienes and dienophiles that have complementary electron-releasing 
and electron-donating properties, other factors found to enhance the rate of Diels-Alder 
reactions include high temperature and high pressure. Another widely used method is the 
use of Lewis acid catalysts. The following reaction is one of many examples where 
Diels-Alder adducts form readily at ambient temperature in the presence of a Lewis acid 
catalyst. (In Section 13.11C we see how Lewis acids can be used with chiral ligands to 
induce asymmetry in the reaction products.) 


OH OH 
AICI, 
25°C 


13.118 Stereochemistry of the Diels-Alder Reaction 


Now let us consider some stereochemical aspects of the Diels—Alder reaction. The following fac- 
tors are among the reasons why Diels—Alder reactions are so extraordinarily useful in synthesis. 


1. The Diels—Alder reaction is stereospecific: The reaction is a syn addition, and 
the configuration of the dienophile is retained in the product. Two examples that 
illustrate this aspect of the reaction are shown here: 


Dimethyl maleate Dimethyl cyclohex-4-ene-cis- 
(a cis-dienophile) 1,2-dicarboxylate 
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О 
H 
A MeO 
+ — 
SN H OMe 
О 


Dimethyl fumarate Dimethyl cyclohex-4-ene-trans- 
(a trans-dienophile) 1,2-dicarboxylate 


In the first example, a dienophile with cis ester groups reacts with 1,3-butadiene to 
give an adduct with cis ester groups. In the second example just the reverse is true. 
A trans-dienophile gives a trans adduct. 


. The diene, of necessity, reacts in the s-cis rather than in the s-trans conformation: 


27 27 
SS 2 


s-cis Conformation s-trans Conformation 


Reaction in the s-trans conformation would, if it occurred, produce a six-membered 
ring with a highly strained trans double bond. This course of the Diels—Alder reac- 
tion has never been observed. 


О 
|| 


O 
Ca — Helpful Hint ______ 
N + R x Use handheld molecular models to 
\ | investigate the strained nature of 
hypothetical trans-cyclohexene. 
Highly strained 


Cyclic dienes in which the double bonds are held in the s-cis conformation are usu- 
ally highly reactive in the Diels—Alder reaction. Cyclopentadiene, for example, reacts 
with maleic anhydride at room temperature to give the following adduct in quantita- 


tive yield: 
О о 
EP = Ф 
о о 


Cyclopentadiene is so reactive that on standing at room temperature it slowly under- 
goes a Diels-Alder reaction with itself: 


S40 = Qo 


Dicyclopentadiene 


The reaction is reversible, however. When dicyclopentadiene is distilled, it dissoci- 
ates (15 "cracked") into two molar equivalents of cyclopentadiene. 

The reactions of cyclopentadiene illustrate a third stereochemical characteristic of 
the Diels—Alder reaction. 
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3. The Diels-Alder reaction occurs primarily in an endo rather than an exo fash- 
ion when the reaction is kinetically controlled (see Problem 13.42). Endo and exo 
are terms used to designate the stereochemistry of bridged rings such as bicy- 
clo[2.2.1]heptane. The point of reference is the longest bridge. A group that is anti 
to the longest bridge (the two-carbon bridge) is said to be exo; if it is on the same 
side, it is endo: 


Helpful Hint 


In general, the exo substituent is 
always on the side anti to the 
longer bridge of a bicyclic 
structure (exo, outside; endo, 


inside). For example, H H H H 
exo. endo 
ex [ T | R <r is exo H 
exo longest pidge > 
endo H R <a is endo 


THE CHEMISTRY OF... 


Molecules with the Nobel Prize in Their Synthetic Lineage 


Many organic molecules from among the great targets for 
synthesis have the Diels-Alder reaction in their synthetic lin- 
eage. As we have learned, from acyclic precursors the 
Diels-Alder reaction can form a six-membered ring, with as 
many as four new chirality centers created in a single stere- 


Cortisone 


Morphine 


Molecules that have been synthesized using the 
Diels-Alder reaction (and the chemists who led the work) 
include morphine (above, and shown as a model), the hyp- 
notic sedative used after many surgical procedures (M. 
Gates); reserpine (above), a clinically used antihypertensive 
agent (R. B. Woodward); cholesterol, precursor of all 
steroids in the body, and cortisone (also above), the anti- 
inflammatory agent (both by R. B. Woodward); 
prostaglandins Fz, and Е; (Section 13.110), members of a 
family of hormones that mediate blood pressure, smooth 


Reserpine 


ospecific step. It also produces a double bond that can be 
used to introduce other functionalities. The great utility of 
the Diels-Alder reaction earned Otto Diels and Kurt Alder 
the Nobel Prize in Chemistry in 1950 for developing the 
reaction that bears their names. 


OMe 


OMe 


Morphine, the synthesis of which 
involved the Diels-Alder reaction. 


muscle contraction, and inflammation (E. J. Corey); vitamin 
B12 (Section 7.164), used in the production of blood and 
nerve cells (A. Eschenmoser and R. B. Woodward); and 
Taxol (chemical name paclitaxel, Section 13.11), a potent 
cancer chemotherapy agent (K. C. Nicolaou). This list alone 
is a veritable litany of monumental synthetic accomplish- 
ments, yet there are many other molecules that have also 
succumbed to synthesis using the Diels-Alder reaction. It 
could be said that all of these molecules have a certain 
sense of "Nobel-ity" in their heritage. 


13.11 The Diels-Alder Reaction: A 1,4-Cycloaddition Reaction of Dienes 


13.11C Molecular Orbital Considerations That Favor 
an Endo Transition State 


In the Diels—Alder reaction of cyclopentadiene with maleic anhydride the major prod- 
uct is the one in which the anhydride group, on? o’ has assumed the endo 
configuration. This favored endo stereochemistry seems to arise from favorable interactions 
between the 7 electrons of the developing double bond in the diene and the 7 electrons of 
unsaturated groups of the dienophile. In Fig. 13.13 we can see that when the two mole- 
cules approach each other in the endo orientation, as shown, orbitals in the LUMO of maleic 
anhydride and the HOMO of cyclopentadiene can interact at the carbons where the new o 
bonds will form (the interaction of these orbitals is indicated by purple in Fig. 13.135). We 
can also see that this same orientation of approach (endo) has overlap between the LUMO 
lobes at the carbonyl groups of maleic anhydride and the HOMO lobes in cyclopentadiene 
above them (the interaction of these orbitals is indicated by green). This so-called secondary 
orbital interaction is also favorable, and it leads to a preference for endo approach of the 
dienophile, such that the unsaturated groups of the dienophile are tucked in and under the 
diene, rather than out and away in the exo orientation. 


HOMO of 
cyclopentadiene 


LUMO of 


Primary orbital 
interactions (where —— E 
bonding will occur) 


t 
Secondary orbital а 
interactions Transition state Diels-Alder adduct 


(b) 


Figure 13.13 Diels-Alder reaction of cyclopentadiene and maleic anhydride. (a) When the highest 
occupied molecular orbital (HOMO) of the diene (cyclopentadiene) interacts with the lowest 
unoccupied molecular orbital (LUMO) of the dienophile (maleic anhydride), favorable secondary 
orbital interactions occur involving orbitals of the dienophile. (b) This interaction is indicated by the 
purple plane. Favorable overlap of secondary orbitals (indicated by the green plane) leads to a 
preference for the endo transition state shown. 


The transition state for the endo product is thus of lower energy because of the favor- 
able orbital interactions described above, and therefore the endo form is the kinetic (and 
major) product of this Diels-Alder reaction. The exo form is the thermodynamic product 
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О 


H 
CO 

| 4 
арргоасћ | | 

|| 

H O 


— = 


H H x H 
H B H 
Endo — j H 
approach á 
O 
O 
О (Major product) 
Exo 


(Minor product) 


Figure 13.14 Endo and exo product formation in the 
Diels-Alder reaction of cyclopentadiene and maleic anhydride. 


Solved Problem 13.8 


because steric interactions are fewer in the exo adduct than 
in the endo adduct (Fig. 13.14). Thus, the exo adduct is 
more stable overall, but it is not the major product because 
it is formed more slowly. 


Here we summarize some key points. 


@ The Diels—Alder reaction is a stereospecific syn addi- 
tion. The configuration of the dienophile is retained in 
the product. 


€ The Diels—Alder reaction is stereoselective for endo 
addition when the reaction is under kinetic control. 


Even though the Diels—Alder reaction results in formation 
of predominantly one stereoisomeric form (endo with 
retention of the original dienophile configuration), the 
product is nevertheless formed as a racemic mixture. The 
reason for this is that either face of the diene can interact 
with the dienophile. When the dienophile bonds with one 
face of the diene, the product is formed as one enantiomer, 
and when the dienophile bonds at the other face of the 
diene, the product is the other enantiomer. In the absence 
of chiral influences, both faces of the diene are equally 
likely to be attacked. 


The dimerization of cyclopentadiene occurs primarily through an endo transition state, as is typical for Diels-Alder 
reactions. (a) In the reactants, draw red and blue shaded lobes for the orbitals that have favorable secondary inter- 
actions in the diene and dienophile, causing the preference for an endo transition state. (b) Using bond-line for- 
mulas, draw curved arrows to show the flow of electrons that leads to product formation, and draw a 
three-dimensional formula for the product. (c) The reaction produces a racemic mixture. Show how the reactants 
align in three dimensions to form each enantiomer. 


STRATEGY AND ANSWER (a) In the HOMO of the diene, the red and blue lobes underneath the ring have favor- 
able same-phase interactions with the diene's LUMO. The indicated red and blue lobes in this diagram are not the 
ones involved in bond formation, however. They are the ones involved in secondary orbital interactions. (b) Two 
m electrons of the dienophile and all four of the т electrons of the diene interact through a cyclic transition state 


to form the Diels-Alder adduct shown. 


Diene 
(showing 
HOMO) 


Dienophile 
(showing 
LUMO) 


(b) 


Diene 


Dienophile 


— 


Adduct 


Transition state 
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(c) Formation of the enantiomers can be shown in two ways. Compare the labeled formulas below with the fol- 
lowing information. (i) Enantiomer A is formed if the dienophile approaches from below the diene and with its 
СН» group toward us (1-а). Enantiomer B is formed if the dienophile approaches with its CH2 group toward us and 
from above (i—b). (ii) Alternatively, enantiomer A forms if the cyclopentadiene dienophile aligns above the diene 
but with its СН» group projecting behind the page (ii-a). Enantiomer B forms if the dienophile aligns below the 
diene but with its CH» group projecting behind the page (1—6). 


(с) Enantiomers 


Corresponding top 
and bottom formulas 
are equivalent (||) 

by flipping on a 


Enantiomer A 


ii-b 
- — 
by flipping ona 


Corresponding top | 
horizontal axis. horizontal axis. 


EnantiomerB Il and bottom formulas 

— = да 
#55 2 
D. 2 


are equivalent (||) 
ii-a Mirror plane i 


In doing this analysis it is interesting to note its binary nature. Changing one parameter at a time (e.g., top or bot- 
tom approach but keeping the dienophile in the same СН» orientation, or changing the CH orientation but keeping the 
top or bottom approach the same) gives the two enantiomers. On the other hand, changing both of these parameters at 
the same time leads to just one of the enantiomers. The situation is analogous to interchanging either one or two groups 
at a chirality center. One interchange produces an enantiomer. Two interchanges returns the original compound. 


What products would you expect from the following reactions? Review Problem 13.11 
O О O 
a 22 
(a) + | — (©) + | р (e) + o4 
SN 
O Ó 
O O 
qo 
(b) + —/ (д) + 
S OMe H 
Ó O 
Which diene and dienophile would you employ to synthesize the following compounds? Review Problem 13.12 
(a) (b) 


О 
CO,Me L 

í H a 
CO,Me Kd 
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Diels—Alder reactions also take place with triple-bonded (acetylenic) dienophiles. Which 
diene and which dienophile would you use to prepare the following? 


Í CO,Me 
CO,Me 


1,3-Butadiene and the dienophile shown below were used by A. Eschenmoser in his syn- 
thesis of vitamin Ву; with R. B. Woodward. Draw the structure of the enantiomeric 
Diels-Alder adducts that would form in this reaction and the two transition states that lead 


to them. 
O 
227 
+ — 
Su. 


НОС 


Key Terms and Concepts 


"ATE: The key terms and concepts that are highlighted in bold, blue text within the chapter are 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 


accompanying WileyPLUS course (www.wileyplus.com). 


f WILEY & Note to Instructors: Many of the homework problems are available for assignment via Wiley PLUS, an online 


13.15 


13.16 


13.17 


teaching and learning solution. 


CONJUGATED SYSTEMS 


Provide the reagents needed to synthesize 1,3-butadiene starting from 


(a) 1,4-Dibromobutane (d) AN” Se (0) ; 
b 
(g) 


What product would you expect from the following reaction? 


2 NaOEt 
—————— 
EtOH, heat 


CI CI 


What products would you expect from the reaction of 1 mol of 1,3-butadiene and each of the following reagents? 


(If no reaction would occur, you should indicate that as well.) 


(a) 1 mol of Clo (d) 2 mol of Н», Ni (f) Hot KMnO, (excess) 


(b) 2 mol of Clo (e) 1 mol of Clo in H2O (g) H20, cat. H2SO4 
(c) 2 mol of Bro 


13.18 


13.19 


13.20 


13.21 


13.22 


13.23 


13.24 


13.25 


13.26 


13.27 
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Provide the reagents necessary to transform 2,3-dimethyl-1,3-butadiene into each of the following compounds. 


(a) (b о (c) (d) 
О Вг 


Provide the reagents necessary for each of the following transformations. In some cases several steps may be necessary. 


(a) 1-Вшепе ——> 1,3-butadiene 


Br Br 
(b) 1-Pentene —— 1,3-pentadiene 
ow Ae 9) — OQ "О- O 


d Mu ee р, 


Conjugated dienes react with radicals by both 1,2 and 1,4 addition. Write a detailed mechanism to account for this 
fact using the peroxide-promoted addition of one molar equivalent of HBr to 1,3-butadiene as an illustration. 


UV-Vis, IR, NMR, and mass spectrometry are spectroscopic tools we use to obtain structural information about 
compounds. For each pair of compounds below, describe at least one aspect from each of two spectroscopic meth- 
ods (UV-Vis, IR, NMR, or mass spectrometry) that would distinguish one compound in a pair from the other. 


(a) 1,3-Butadiene and 1-butyne Br 

(b) 1,3-Butadiene and butane (e) BÉ Oa Br and ~ 
(c) Butane and 2 ^ OH |. 
(d) 1,3-Butadiene and AN NBr 


When 2-methyl-1,3-butadiene (isoprene) undergoes a 1,4 addition of hydrogen chloride, the major product that is 
formed is 1-chloro-3-methyl-2-butene. Little or no 1-chloro-2-methyl-2-butene is formed. How can you explain this? 


When 1-pentene reacts with N-bromosuccinimide (NBS), two products with the formula C5HgBr are obtained. What 
are these products and how are they formed? 


(a) The hydrogen atoms attached to C3 of 1,4-pentadiene are unusually susceptible to abstraction by radicals. How 
can you account for this? (b) Can you provide an explanation for the fact that the protons attached to C3 of 1,4- 
pentadiene are more acidic than the methyl hydrogen atoms of propene? 


Provide a mechanism that explains formation of the following products. Include all intermediates, formal charges, 
and arrows showing electron flow. 


N—Br 
(NBS) 


ears OD og BZ S UBI 
p ES — VOS d 
Br 


Provide a mechanism for the following reaction. Draw a reaction energy coordinate diagram that illustrates the 
kinetic and thermodynamic pathways for this reaction. 


~ HBr ys T Ac 
Br 


Predict the products of the following reactions. 


(a) HBr (b) HBr (c) NBS 
—15°C 40°C hv, heat 
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Provide a mechanism that explains formation of the following products. 
CI 
oe Seu SE AF + "- 


Provide a mechanism that explains formation of the following products. 


OMe 
A e o Ol Cl 
GONE он Wee ome * 22 


Treating either 1-chloro-3-methyl-2-butene or 3-chloro-3-methyl-1-butene with Ag2O in water gives (in addition 
to AgCl) the following mixture of alcohol products. 
Ag;O 


м Sp 77 Ho 22 
ог 
P : 1596 8596 


CI 


(a) Write a mechanism that accounts for the formation of these products. 
(b) What might explain the relative proportions of the two alkenes that are formed? 


Dehydrohalogenation of 1,2-dihalides (with the elimination of two molar equivalents of HX) normally leads to 
an alkyne rather than to a conjugated diene. However, when 1,2-dibromocyclohexane is dehydrohalogenated, 
1,3-cyclohexadiene is produced and not cyclohexyne. What factor accounts for this? 


The heat of hydrogenation of allene is 298 kJ тој“ !, whereas that of propyne is 290 kJ тој“ !. (a) Which com- 
pound is more stable? (b) Treating allene with a strong base causes it to isomerize to propyne. Explain. 


Although both 1-bromobutane and 4-bromo-1-butene are primary halides, the latter undergoes elimination more 
rapidly. How can this behavior be explained? 


DIELS-ALDER REACTIONS 


Complete the following molecular orbital description for the ground state 
of cyclopentadiene. Shade the appropriate lobes to indicate phase signs 


in each molecular orbital according to increasing energy of the molecu- P 


lar orbitals. Label the HOMO and LUMO orbitals, and place the appro- 
priate number of electrons in each level, using a straight single-barbed 
arrow to represent each electron. 


Energy 


Why does the molecule shown below, although a conjugated diene, fail to undergo a Diels—Alder reaction? 


ee 


Rank the following dienes in order of increasing reactivity in a Diels—Alder reaction (1 = least reactive, 4 = most 
reactive). Briefly explain your ranking. 


Ow eo а 
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Give the structures of the products that would be formed when 1,3-butadiene reacts with each of the following: 


it. LL, "де КА 
Some “е “оме 


Cyclopentadiene undergoes а Diels—Alder reaction with ethene at 160—180?C. Write the structure of the product 
of this reaction. 


Acetylenic compounds may be used as dienophiles in the Diels—Alder reaction (see Review Problem 13.13). Write 
structures for the adducts that you expect from the reaction of 1,3-butadiene with 


(a) (b) F,cC—==—CF; 


O O 
1 (hexafluoro-2-butyne) 
MeO OMe 


(dimethyl acetylenedicarboxylate) 


Predict the products of the following reactions. 


(a) О (е) 


p OMe 
T | — 
—— 
N ^ 


si 


O 


t ^ A 
(g) о OMe 
+ 


MeO O 
OMe 
— 
OMe а 
O 


Q 


(b) 


/ 


© 
# 
/ / 
+ 
ae. E 
om as 
CES 
SEDE 
І 
<= 


(д) 


| 


Which diene and dienophile would you employ in a synthesis of each of the following? 


(a) О (b) О (с) @ = но 
H OMe O 
OMe 
но 
О 


О ОМе 
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13.42 When furan and maleimide undergo a Diels—Alder reaction at 25°C, the major product is the endo adduct G. When 
the reaction is carried out at 90°C, however, the major product is the exo isomer H. The endo adduct isomerizes 
to the exo adduct when it is heated to 90?C. Propose an explanation that will account for these results. 


О 


f 


H 
H 
25°C G О 
о Endo adduct 
N 
d | 
C» Q= 
S 
O 


Furan Maleimide 90°C 


Exo adduct 


13.43 Two controversial “hard” insecticides are aldrin and dieldrin. [The Environmental Protection Agency (EPA) halted 
the use of these insecticides because of possible harmful side effects and because they are not biodegradable.] The 
commercial synthesis of aldrin began with hexachlorocyclopentadiene and norbornadiene. Dieldrin was synthe- 
sized from aldrin. Show how these syntheses might have been carried out. 


7 
СІ 
CL. „О cr 
CI CI 
CI CI | > 


Hexachlorocyclopentadiene Norbornadiene Aldrin Dieldrin 


13.44 (a) Norbornadiene for the aldrin synthesis (Problem 13.43) can be prepared from cyclopentadiene and acetylene. 
Show the reaction involved. (b) It can also be prepared by allowing cyclopentadiene to react with vinyl chloride 
and treating the product with a base. Outline this synthesis. 


13.45 Two other hard insecticides (see Problem 13.43) are chlordan and hep- Cl Cl 
tachlor. Show how they could be synthized from cyclopentadiene and Cl Cl Cl Cl 
hexachlorocyclopentadiene. 

скр e 
gr о or © с 
с 
Стогдап Heptachlor 


13.46  Isodrin, an isomer of aldrin, is obtained when cyclopentadiene reacts with the hexachloronorbornadiene, shown 
here. Propose a structure for isodrin. 


CI 
CI Cl 
+ (7 — |ѕоагіп 
cr 
CI CI 


Challenge Problems rhe 4 629 


13.47 Provide the reagents necessary to achieve the following synthetic transformations. More than one step may be 
required. 


(a) О (д) 
B HOOC,, 
7) ГГ 3 
“ny ноос“ 
“ad 
>= o 
(b) (e) O 
N— 
EM CN ОА 
он d = > 
(c) О У 
О Y 
~ Вг ——À ( | L 9 


Challenge Problems 


13.48 Explain the product distribution below based on the polarity of the diene and dienophile, as predicted by contributing 
resonance structures for each. 


OCH; O OCH3 
27 à h H 
Z~Z7~ocHs " ind heat 4 
О H 
O 
Major 
13.49 


Minor 
Mixing furan (Problem 13.42) with maleic anhydride in diethyl ether yields a crystalline solid with a melting point 
of 125°C. When melting of this compound takes place, however, one can notice that the melt evolves a gas. If the 
melt is allowed to resolidify, one finds that it no longer melts at 125°C but instead it melts at 56°C. Consult an 


appropriate chemistry handbook and provide an explanation for what is taking place. 
13.50 


Draw the structure of the product from the following reaction (formed during a synthesis of one of the endiandric 
acids by K. C. Nicolaou): 


MeO,C H 


H А 
/ OSi(-Bu)Ph; toluene, 110°C 


H 
13.51 


Draw all of the contributing resonance structures and the resonance hybrid for the carbocation that would result 
from ionization of bromine from 5-bromo-1,3-pentadiene. Open the computer molecular model at the book's web- 
site depicting a map of electrostatic potential for the pentadienyl carbocation. Based on the model, which is the 


most important contributing resonance structure for this cation? Is this consistent with what you would have pre- 
dicted based on your knowledge of relative carbocation stabilities? Why or why not? 
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Learning Group Problems 


1. Elucidate the structures of compounds A through I in the following “road map” problem. Specify any missing 
reagents. 
E CH, CH, CH, 
(C.H) (С.Н, 0) (or RCO,H) “CH; “CH; 


j NaOEt, heat 
E (+ corresponding 1,4-dimethyl-2-phenyl isomers) 


NBS, ROOR, heat 


KOC(CH,);, heat OF 
OCH, 
I — 
(СНО, reagents? OCH, 
2. (a) Write reactions to show how you could convert 2-methyl-2-butene into 2-methyl-1,3-butadiene. 
(b) Write reactions to show how you could convert ethylbenzene into the following compound: 
s 


(c) Write structures for the various Diels-Alder adduct(s) that could result on reaction of 2-methyl-1,3-butadiene 
with the compound shown in part (b). 
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In ordinary conversation, the word "aromatic" conjures pleasant associations—the odor of freshly prepared cof- 
fee, or of a cinnamon bun. Similar associations occurred early in the history of organic chemistry, when pleas- 
antly "aromatic" compounds were isolated from natural oils produced by plants. As the structures of these 
compounds were elucidated, a number of them were found to contain a highly unsaturated six-carbon struc- 
tural unit that is also found in benzene. This special ring structure became known as a benzene ring, and the 
aromatic compounds containing a benzene ring became part of a larger family of compounds now classified as 
aromatic on the basis of their electronic structure rather than their odor. 

The following are a few examples of aromatic compounds including benzene itself. In these formulas we 
foreshadow our discussion of the special properties of the benzene ring by using a circle in a hexagon to depict 
the six 7 electrons and six-membered ring of these compounds, whereas heretofore we have shown benzene 
rings only as indicated in the left-hand formula for benzene below. 


со e^ ol 


Benzene Benzaldehyde Methyl salicylate 
(in oil of almonds) (in oil of wintergreen) 
O O 
p O~ O~ H H 
H HCO HO 
OCHs ОСН; 
Eugenol Anethole Cinnamaldehyde Vanillin 
(in oil of cloves) (in oil of anise) (in oil of cinnamon) (in oil of vanilla) 
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As time passed, chemists found or synthesized many compounds with benzene rings that had no odor, such 
as benzoic acid and acetylsalicylic acid (aspirin). 


О О 
ems eq 
O 
A~ 
Benzoic acid Acetylsalicylic acid 
(aspirin) 


14.1 The Discovery of Benzene 


In this chapter we shall discuss in detail the structural principles that underlie how the term 
"aromatic" is used today. We will also see how the structure of benzene proved so elusive. 
Even though benzene was discovered in 1825, it was not until the development of quan- 
tum mechanics in the 1920s that a reasonably clear understanding of its structure emerged. 


@ As we have seen above, two formula types are commonly used to depict benzene 
rings. The traditional bond-line representation allows easier depiction of mecha- 
nisms involving the 7 electrons, as we shall need to do in upcoming chapters, 
whereas the circle in the hexagon notation better suggests the structure and proper- 
ties of benzene rings. 


The study of the class of compounds that organic chemists call aromatic compounds 
(Section 2.1D) began with the discovery in 1825 of a new hydrocarbon by the English 
chemist Michael Faraday (Royal Institution). Faraday called this new hydrocarbon “bicar- 
buret of hydrogen"; we now call it benzene. Faraday isolated benzene from a compressed 
illuminating gas that had been made by pyrolyzing whale oil. 

In 1834 the German chemist Eilhardt Mitscherlich (University of Berlin) synthesized 
benzene by heating benzoic acid with calcium oxide. Using vapor density measurements, 


One of the т molecular orbitals 


Mitscherlich further showed that benzene has the molecular formula CgHe: of benzene, seen through a 
heat mesh representation of its 
C;H5;CO;H + CaO — > C,H, + CaCO, electrostatic potential at its van 
Benzoic acid Benzene der Waals surface. 


The molecular formula itself was surprising. Benzene has only as many hydrogen atoms 
as it has carbon atoms. Most compounds that were known then had a far greater propor- 
tion of hydrogen atoms, usually twice as many. Benzene, having the formula of CgHg, should 
be a highly unsaturated compound because it has an index of hydrogen deficiency equal 
to 4. Eventually, chemists began to recognize that benzene was a member of a new class of 
organic compounds with unusual and interesting properties. As we shall see in Section 14.3, 
benzene does not show the behavior expected of a highly unsaturated compound. 

During the latter part of the nineteenth century the Kekulé-Couper-Butlerov theory of 
valence was systematically applied to all known organic compounds. One result of this effort 
was the placing of organic compounds in either of two broad categories; compounds were 
classified as being either aliphatic or aromatic. To be classified as aliphatic meant then 
that the chemical behavior of a compound was “‘fatlike.” (Now it means that the compound 
reacts like an alkane, an alkene, an alkyne, or one of their derivatives.) To be classified as 
aromatic meant then that the compound had a low hydrogen-to-carbon ratio and that it was 
"fragrant." Most of the early aromatic compounds were obtained from balsams, resins, or 
essential oils. 
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Kekulé was the first to recognize that these early aromatic compounds all contain a six- 
carbon unit and that they retain this six-carbon unit through most chemical transformations 
and degradations. Benzene was eventually recognized as being the parent compound of this 
new series. 


14.2 Nomenclature of Benzene Derivatives 


Two systems are used in naming monosubstituted benzenes. 


9 In many simple compounds, benzene is the parent name and the substituent is sim- 
ply indicated by a prefix. 


We have, for example, 
F CI Br NO, 
Fluorobenzene Chlorobenzene Bromobenzene  Nitrobenzene 


€ For other simple and common compounds, the substituent and the benzene ring 
taken together may form a commonly accepted parent name. 


Methylbenzene is usually called toluene, hydroxybenzene is almost always called phenol, 
and aminobenzene is almost always called aniline. These and other examples are indicated 


here: 
CH, o” a 
T e T pots 
о oro о 
Benzenesulfonic acid Benzoic acid Acetophenone Anisole 


@ When two substituents are present, their relative positions are indicated by the pre- 
fixes ortho-, meta-, and para- (abbreviated o-, m-, and p-) or by the use of numbers. 


For the dibromobenzenes we have 


Br 
Br Br 
Br 
1,2-Dibromobenzene  1,3-Dibromobenzene  1,4-Dibromobenzene 


(o-dibromobenzene)  (m-dibromobenzene)  (p-dibromobenzene) 
ortho meta para 


Br 


14.2 Nomenclature of Benzene Derivatives 


and for the nitrobenzoic acids 


O О О 
OH OH O~ 
NO, O,N 
NO, 
2-Nitrobenzoic acid 3-Nitrobenzoic acid 4-Nitrobenzoic acid 


(o-nitrobenzoic acid) (m-nitrobenzoic acid) (p-nitrobenzoic acid) 


The dimethylbenzenes are often called xylenes: 


QU CH, jon 
CH, | H,C 
CH, 


1,2-Dimethylbenzene 1,3-Dimethylbenzene 1,4-Dimethylbenzene 
(o-xylene) (m-xylene) (p-xylene) 


© If more than two groups are present on the benzene ring, their positions must be 
indicated by the use of numbers. 


As examples, consider the following two compounds: 


CI Br 
а 1 Br 
6 2 6 2 
5 5 3 
3 
4 Cl 4 
Br 
1,2,3-Trichlorobenzene 1,2,4-Tribromobenzene 


(not 1,3,4-tribromobenzene) 
@ The benzene ring is numbered so as to give the lowest possible numbers to the 
substituents. 


@ When more than two substituents are present and the substituents are different, 
they are listed in alphabetical order. 


@ When a substituent is one that together with the benzene ring gives a new base name, 
that substituent is assumed to be in position 1 and the new parent name is used. 


О 
O,N SO.H 


F F 


NO, 
3,5-Dinitrobenzoic acid 2,4-Difluorobenzenesulfonic acid 


@ When the CgH;— group is named as a substituent, it is called a phenyl group. 
The phenyl group is often abbreviated as CgH3;—, Ph—, or ф 


A hydrocarbon composed of one saturated chain and one benzene ring is usually named 
as a derivative of the larger structural unit. However, if the chain is unsaturated, the 


Heipful Hint 


Note the abbreviations for com- 
mon aromatic groups. 
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compound may be named as a derivative of that chain, regardless of ring size. The fol- 
lowing are examples: 


NNN 
OQ... 2 m 


Butylbenzene 2-Phenylheptane 
(E)-2-Phenyl-2-butene 


€ Benzyl is an alternative name for the phenylmethyl group. It is sometimes abbrevi- 


ated Bn. 
O^" 07: 


The benzyl group Benzyl chloride 
(the phenylmethyl (phenylmethy! chloride 
group) or BnCl) 


Solved Problem 14.1 


Provide a name for each of the following compounds. 


(a) О (b) МО (с) Ne (d) (dn 
"n я е а 


STRATEGY AND ANSWER In each compound we look first to see if а commonly named unit containing а ben- 
zene ring is present. If not, we consider whether the compound can be named as a simple derivative of benzene, 
or if the compound incorporates the benzene ring as a phenyl or benzyl group. In (a) we recognize the common 
structural unit of acetophenone, and find a tert-butyl group in the para position. The name is thus p-tert-butylace- 
tophenone or 4-fert-butylacetophenone. Compound (b), having three substituents on the ring, must have its sub- 
stituents named in alphabetical order and their positions numbered. The name is 1,4-dimethyl-2-nitrobenzene. In 
(c) there would appear to be a benzyl group, but the benzene ring can be considered a substituent on the alkyl chain, 
so it is called phenyl in this case. The name is 2-chloro-2-methyl-1-phenylpentane. Because (d) contains an ether 
functional group, we name it according to the groups bonded to the ether oxygen. The name is benzyl ethyl ether, 
or ethyl phenylmethyl ether. 


Review Problem 14.1 Provide a name for each of the following compounds. 


(a) О (b) 
Jom 4 Q 
Br 
(c) 9 (d) ome 


CI 
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14.3 Reactions of Benzene 


In the mid-nineteenth century, benzene presented chemists with a real puzzle. They knew 
from its formula (Section 14.1) that benzene was highly unsaturated, and they expected it 
to react accordingly. They expected it to react like an alkene by decolorizing bromine in 
carbon tetrachloride through addition of bromine. They expected that it would change the 
color of aqueous potassium permanganate by being oxidized, that it would add hydrogen 
rapidly in the presence of a metal catalyst, and that it would add water in the presence of 
strong acids. 

Benzene does none of these. When benzene is treated with bromine in the dark or with 
aqueous potassium permanganate or with dilute acids, none of the expected reactions occurs. 
Benzene does add hydrogen in the presence of finely divided nickel, but only at high tem- 
peratures and under high pressures: 


Br, РРА А 
No addition of bromine 
ССІ,, dark, 25°C 
KMnO, No oxidation 
H,O, 25°C 
Benzene 
FEQ No hydration 
H,O, heat 


; Slow addition 
na at high temperature 
and pressure 


Benzene does react with bromine but only in the presence of a Lewis acid catalyst such 
as ferric bromide. Most surprisingly, however, it reacts not by addition but by substitution— 
benzene substitution. 


Substitution 


FeB 
C,H, + Вг, —, C,H,Br + HBr Substitution is observed. 


Addition 


C,H, + Br, X^ СНВ, + C,H,Br, + C,H,Br, Addition is not observed. 


When benzene reacts with bromine, only one monobromobenzene is formed. That is, only 
one compound with the formula CgHsBr is found among the products. Similarly, when ben- 
zene is chlorinated, only one monochlorobenzene results. 

Two possible explanations can be given for these observations. The first is that only 
one of the six hydrogen atoms in benzene is reactive toward these reagents. The second 
is that all six hydrogen atoms in benzene are equivalent, and replacing any one of them 
with a substituent results in the same product. As we shall see, the second explanation 
is correct. 


Listed below are four compounds that have the molecular formula СН. Which of these Review Problem 14.2 
compounds would yield only one monosubstitution product, if, for example, one hydrogen 


were replaced by bromine? 
(b) Um, © <7 а | | | 


(a) —=======— 
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14.4 The Kekulé Structure for Benzene 


In 1865, August Kekulé, the originator of the structural theory (Section 1.3), proposed the 
first definite structure for benzene,* a structure that is still used today (although as we shall 
soon see, we give it a meaning different from the meaning Kekulé gave it). Kekulé sug- 
gested that the carbon atoms of benzene are in a ring, that they are bonded to each other 
by alternating single and double bonds, and that one hydrogen atom is attached to each car- 
bon atom. This structure satisfied the requirements of the structural theory that carbon atoms 
form four bonds and that all the hydrogen atoms of benzene are equivalent: 


| | ог 


The Kekulé formula for benzene 


A problem soon arose with the Kekulé structure, however. The Kekulé structure pre- 
dicts that there should be two different 1,2-dibromobenzenes, but there are not. In one of 
these hypothetical compounds (below), the carbon atoms that bear the bromines would be 
separated by a single bond, and in the other they would be separated by a double bond. 


Br Br 
and 
Br Br 


These 1,2-dibromobenzenes do not exist 
as isomers. 


Ф Only one 1,2-dibromobenzene has ever been found, however. 


To accommodate this objection, Kekulé proposed that the two forms of benzene (and of 
benzene derivatives) are in a state of equilibrium and that this equilibrium is so rapidly estab- 
lished that it prevents isolation of the separate compounds. Thus, the two 1,2-dibro- 
mobenzenes would also be rapidly equilibrated, and this would explain why chemists had 
not been able to isolate the two forms: 


Br Br 
There is no such equilibrium between 
Ж benzene ring bond isomers. 


Br Br 


€ We now know that this proposal was also incorrect and that no such equilibrium 
exists. 


Nonetheless, the Kekulé formulation of benzene's structure was an important step forward 
and, for very practical reasons, it is still used today. We understand its meaning differently, 
however. 

The tendency of benzene to react by substitution rather than addition gave rise to another 
concept of aromaticity. For a compound to be called aromatic meant, experimentally, 
that it gave substitution reactions rather than addition reactions even though it was highly 
unsaturated. 

Before 1900, chemists assumed that the ring of alternating single and double bonds was 
the structural feature that gave rise to the aromatic properties. Since benzene and benzene 
derivatives (i.e., compounds with six-membered rings) were the only aromatic compounds 


*In 1861 the Austrian chemist Johann Josef Loschmidt represented the benzene ring with a circle, but he made 
no attempt to indicate how the carbon atoms were actually arranged in the ring. 


14.5 The Thermodynamic Stability of Benzene 


known, chemists naturally sought other examples. The compound cyclooctatetraene seemed 
to be a likely candidate: 


Cyclooctatetraene 


In 1911, Richard Willstátter succeeded in synthesizing cyclooctatetraene. Willstütter 
found, however, that it is not at all like benzene. Cyclooctatetraene reacts with bromine by 
addition, it adds hydrogen readily, it is oxidized by solutions of potassium permanganate, 
and thus it is clearly not aromatic. While these findings must have been a keen disap- 
pointment to Willstátter, they were very significant for what they did not prove. Chemists, 
as a result, had to look deeper to discover the origin of benzene's aromaticity. 


14.5 The Thermodynamic Stability of Benzene 


We have seen that benzene shows unusual behavior by undergoing substitution reactions 
when, on the basis of its Kekulé structure, we should expect it to undergo addition. Benzene 
is unusual in another sense: It is more stable thermodynamically than the Kekulé structure 
suggests. To see how, consider the following thermochemical results. 

Cyclohexene, a six-membered ring containing one double bond, can be hydrogenated 
easily to cyclohexane. When the ДНУ for this reaction is measured, it is found to be —120 
kJ тој" ', very much like that of any similarly substituted alkene: 


Hp, P 
g p e, С) AH? = —120 kJ mol! 


Cyclohexene Cyclohexane 


We would expect that hydrogenation of 1,3-cyclohexadiene would liberate roughly twice 
as much heat and thus have a AH? equal to about —240 kJ тој“ !. When this experiment 
is done, the result is AH? = —232 kJ mol !. This result is quite close to what we calcu- 
lated, and the difference can be explained by taking into account the fact that compounds 
containing conjugated double bonds are usually somewhat more stable than those that con- 
tain isolated double bonds (Section 13.8): 


Calculated 
" 2 Hs, Pt AH? = 2 х (—120) = —240 kJ mol"! 
Observed 


[om >i 
1,3-Cyclohexadiene Cyclohexane AH? = —232 kJ mol 


If we extend this kind of thinking, and if benzene is simply 1,3,5-cyclohexatriene, we 
would predict benzene to liberate approximately 360 kJ тог“ ! [3 X (—120)] when it is 
hydrogenated. When the experiment is actually done, the result is surprisingly different. 
The reaction is exothermic, but only by 208 kJ тој“ !: 


Calculated 
x 3 Ho, Pt AH’ = 3 х (—120) = —360 kJ тог! 
Observed AH? = —208 kJ тог“! 


Benzene Cyclohexane Difference == 152 kJ тог! 


When these results are represented as in Fig. 14.1, it becomes clear that benzene is much 
more stable than we calculated it to be. Indeed, it is more stable than the hypothetical 1,3,5- 
cyclohexatriene by 152 kJ тој“ !. This difference between the amount of heat actually 
released and that calculated on the basis of the Kekulé structure is now called the reso- 
nance energy of the compound. 
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ФЕ 


Resonance 
(stabilization) 
energy = 152 kJ 
mor 
Benzene + 3 Hp 


AH? = –360 
+Н2 kJ тог! 


+ 
Dv] 
I 
№ 
----------H 


| 
AH? = -232 | AH? = -208 
kJ тог! | kJ тог! 
AH? = -120 | 
kJ тог! | 
| 
№ 
Figure 14.1 Relative stabilities of Cyclohexane 
cyclohexene, 1,3-cyclohexadiene, 1,3, 
5-cyclohexatriene (hypothetical), and 
benzene. 


14.6 Modern Theories of the Structure of Benzene 


It was not until the development of quantum mechanics in the 1920s that the unusual behav- 
ior and stability of benzene began to be understood. Quantum mechanics, as we have seen, 
produced two ways of viewing bonds in molecules: resonance theory and molecular orbital 
theory. We now look at both of these as they apply to benzene. 


14.6А The Resonance Explanation of the Structure 
of Benzene 


A basic postulate of resonance theory (Sections 1.8 and 13.5) is that whenever two or more 
Lewis structures can be written for a molecule that differ only in the positions of their elec- 
trons, none of the structures will be in complete accord with the compound’s chemical and 
physical properties. If we recognize this, we can now understand the true nature of the two 
Kekulé structures (I and П) for benzene. 


@ Kekulé structures I and II below differ only in the positions of their electrons; they 
do not represent two separate molecules in equilibrium as Kekulé had proposed. 


Instead, structures I and II are the closest we can get to a structure for benzene within the 
limitations of its molecular formula, the classic rules of valence, and the fact that the six 
hydrogen atoms are chemically equivalent. The problem with the Kekulé structures is that 
they are Lewis structures, and Lewis structures portray electrons in localized distributions. 
(With benzene, as we shall see, the electrons are delocalized.) Resonance theory, fortunately, 
does not stop with telling us when to expect this kind of trouble; it also gives us a way out. 


€ According to resonance theory, we consider Kekulé structures I and II below as 
resonance contributors to the real structure of benzene, and we relate them to each 
other with one double-headed, double-barbed arrow (not two separate arrows, 
which we reserve for equilibria). 


Resonance contributors, we emphasize again, are not in equilibrium. They are not struc- 
tures of real molecules. They are the closest we can get if we are bound by simple rules of 
valence, but they are very useful in helping us visualize the actual molecule as a hybrid: 


<—_ 
С) did = D 
I II 


14.6 Modern Theories of the Structure of Benzene 


Look at the structures carefully. All of the single bonds in structure I are double bonds 
in structure II. 


9 A hybrid (average) of Kekulé structures I and II would have neither pure single 
bonds nor pure double bonds between the carbons. The bond order would be 
between that of a single and a double bond. 


Experimental evidence bears this out. Spectroscopic measurements show that the molecule 
of benzene is planar and that all of its carbon-carbon bonds are of equal length. Moreover, 
the carbon-carbon bond lengths in benzene (Fig. 14.2) are 1.39 A, a value in between that 
for a carbon-carbon single bond between sp?-hybridized atoms (1.47 À) (see Table 13.1) 
and that for a carbon-carbon double bond (1.34 À). 


H H 
ЭБ g 
120° 
4 сун 
1.09 À ^N. . 
C с 120° Figure 14.2 Bond lengths and 
Z 189A N angles in benzene. (Only the с 
H bonds are shown.) 


@ The hybrid structure of benzene is represented by inscribing a circle inside the 
hexagon as shown in formula III below. 


Q 


Ш 


There are times when an accounting of the т electron pairs must be made, however, and 
for these purposes we use either Kekulé structure I or II. We do this simply because the elec- 
tron pairs and total 7 electron count is obvious in a Kekulé structure, whereas the number of 
m electron pairs represented by a circle can be ambiguous. As we shall see later in this chap- 
ter, there are systems having different ring sizes and different numbers of delocalized 7 elec- 
trons that can also be represented by a circle. In benzene, however, the circle is understood to 
represent six 7 electrons that are delocalized around the six carbons of the ring. 


€ An actual molecule of benzene (depicted by the resonance hybrid Ш) is more sta- 
ble than either contributing resonance structure because more than one equivalent 
resonance structure can be drawn for benzene (I and П above). 


The difference in energy between hypothetical 1,3,5-cyclohexatriene (which if it existed 
would have higher energy) and benzene is called resonance energy, and it is an indication 
of the extra stability of benzene due to electron delocalization. 


If benzene were 1,3,5-cyclohexatriene, the carbon-carbon bonds would be alternately long Review Problem 14.3 
and short as indicated in the following structures. However, to consider the structures here 

as resonance contributors (or to connect them by a double-headed arrow) violates a basic 

principle of resonance theory. Explain. 


eiut 


14.6B The Molecular Orbital Explanation of the Structure 
of Benzene 


The fact that the bond angles of the carbon atoms in the benzene ring are all 120? strongly 
suggests that the carbon atoms are sp? hybridized. If we accept this suggestion and con- 
struct a planar six-membered ring from sp? carbon atoms, representations like those shown 
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Figure 14.3 (a) Six sp?-hybridized carbon atoms joined in 
a ring (each carbon also bears a hydrogen atom). Each 
carbon has a p orbital with lobes above and below the 
plane of the ring. (b) A stylized depiction of the p orbitals 
in (a). (c) Overlap of the p orbitals around the ring results 
in a molecular orbital encompassing the top and bottom 
faces of the ring. (Differences in the mathematical phase 
of the orbital lobes are not shown in these 
representations.) 
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in Figs. 14.3a and b emerge. In these models, each carbon is sp? hybridized and has a p 
orbital available for overlap with p orbitals of its neighboring carbons. If we consider 
favorable overlap of these p orbitals all around the ring, the result is the model shown in 
Fig. 14.3c. 


(a) (c) 


Ф As we recall from the principles of quantum mechanics (Section 1.11), the number 
of molecular orbitals in a molecule is the same as the number of atomic orbitals 
from which they are derived, and each orbital can accommodate a maximum of 
two electrons if their spins are opposed. 


If we consider only the p atomic orbitals contributed by the carbon atoms of benzene, there 
should be six т molecular orbitals. These orbitals are shown in Fig. 14.4. 


Antibonding 


MOs 
| V5 
Pd 
1111114 
ГА 
— c —————— —— — Àmoec———— —Àáá t ——Á ВЕШ НИ —— eee 
Six isolated p orbitals 
(with six electrons) 
Atomic orbitals 
Y3 
Bonding 
MOs 


Figure 14.4 Ном six p atomic orbitals (one from each carbon of the benzene ring) combine to 
form six 7 molecular orbitals. Three of the molecular orbitals have energies lower than that of an 
isolated p orbital; these are the bonding molecular orbitals. Three of the molecular orbitals have 
energies higher than that of an isolated p orbital; these are the antibonding molecular orbitals. 
Orbitals y2 and уз have the same energy and are said to be degenerate; the same is true of 
orbitals уд and ys. 


The electronic configuration of the ground state of benzene is obtained by adding the 
six 7 electrons to the 7r molecular orbitals shown in Fig. 14.4, starting with the orbitals of 
lowest energy. The lowest energy 7r molecular orbital in benzene has overlap of p orbitals 
with the same mathematical phase sign all around the top and bottom faces of the ring. In 
this orbital there are no nodal planes (changes in orbital phase sign) perpendicular to the 
atoms of the ring. The orbitals of next higher energy each have one nodal plane. (In gen- 
eral, each set of higher energy m molecular orbitals has an additional nodal plane.) Each 
of these orbitals is filled with a pair of electrons, as well. These orbitals are of equal energy 
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(degenerate) because they both have one nodal plane. Together, these three orbitals com- 
prise the bonding 7 molecular orbitals of benzene. The next higher energy set of m mole- 
cular orbitals each has two nodal planes, and the highest energy т molecular orbital of 
benzene has three nodal planes. These three orbitals are the antibonding 7r molecular orbitals 
of benzene, and they are unoccupied in the ground state. Benzene is said to have a closed 
bonding shell of delocalized 7 electrons because all of its bonding orbitals are filled with 
electrons that have their spins paired, and no electrons are found in antibonding orbitals. 
This closed bonding shell accounts, in part, for the stability of benzene. 

Having considered the molecular orbitals of benzene, it is now useful to view an elec- 
trostatic potential map of the van der Waals surface for benzene, also calculated from quan- 
tum mechanical principles (Fig. 14.5). We can see that this representation is consistent with 
our understanding that the т electrons of benzene are not localized but are evenly distrib- 
uted around the top face and bottom face (not shown) of the carbon ring in benzene. 

It is interesting to note the recent discovery that crystalline benzene involves perpen- 
dicular interactions between benzene rings, so that the relatively positive periphery of one 
molecule associates with the relatively negative faces of the benzene molecules aligned Figure 14.5 Electrostatic 
above and below it. potential map of benzene. 


14.7 Hückel's Rule: The 4n + 2 7 Electron Rule 


In 1931 the German physicist Erich Hückel carried out a series of mathematical calcula- 
tions based on the kind of theory that we have just described. Hiickel’s rule is concerned 
with compounds containing one planar ring in which each atom has a p orbital as in 
benzene. His calculations show that planar monocyclic rings containing 4n + 2 7 electrons, 
where n = 0, 1, 2, 3, and so on (1.е., rings containing 2, 6, 10, 14, . . . , etc., т electrons), 
have closed shells of delocalized electrons like benzene and should have substantial reso- 
nance energies. 


@ In other words, Hückel's rule states that planar monocyclic rings with 2, 6, 10, 
14, . . . , delocalized electrons should be aromatic. 


14.7A How to Diagram the Relative Energies of 7 
Molecular Orbitals in Monocyclic Systems Based 
on Hückel's Rule 


There is a simple way to make a diagram of the relative energies of orbitals in monocyclic 
conjugated systems based on Hückel's calculations. To do so, we use the following procedure. 


1. We start by drawing a polygon corresponding to the number of carbons in the ring, 
placing a corner of the polygon at the bottom. 


2. Next we surround the polygon with a circle that touches each corner of the polygon. 


3. At the points where the polygon touches the circle, we draw short horizontal lines 
outside the circle. The height of each line represents the relative energy of each 7 
molecular orbital. 


4. Next we draw a dashed horizontal line across and halfway up the circle. The energies 
of bonding 7 molecular orbitals are below this line. The energies of antibonding zr 
molecular orbitals are above, and those for nonbonding orbitals are at the level of the 
dashed line. 


5. Based on the number of 7 electrons in the ring, we then place electron arrows on the 
lines corresponding to the respective orbitals, beginning at the lowest energy level 
and working upward. In doing so, we fill degenerate orbitals each with one electron 
first, then add to each unpaired electron another with opposite spin if it is available. "m 
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Applying this method to benzene, for example (Fig. 14.6), furnishes the same energy lev- 
els that we saw earlier in Fig. 14.4, energy levels that were based on quantum mechanical 


calculations. 
Figure 14.6 The polygon-and-circle <= 
method for deriving the relative pd iss ; : А 
energies of the т molecular orbitals of Antibonding m orbitals 
benzene. A horizontal line halfway up E E E И E E a eee 
the circle divides the bonding orbitals | 


from the antibonding orbitals. If an Bonding т orbitals 
orbital falls on this line, it is a ES P d l 


nonbonding orbital. This method was 
developed by C. A. Coulson (of Oxford Polygon in Energy levels Type of 
University). circle of MOs 7 Orbital 


We can now understand why cyclooctatetraene is not aromatic. Cyclooctatetraene has 
a total of eight 7 electrons. Eight is not a Ниске! number; it is a 4n number, not a 4n + 2 
number. Using the polygon-and-circle method (Fig. 14.7), we find that cyclooctatetraene, 
if it were planar, would not have a closed shell of 7 electrons like benzene; it would have 
an unpaired electron in each of two nonbonding orbitals. Molecules with unpaired elec- 
trons (radicals) are not unusually stable; they are typically highly reactive and unstable. A 
planar form of cyclooctatetraene, therefore, should not be at all like benzene and should 
not be aromatic. 


Figure 14.7 The m molecular orbitals that ZA ~ — — Antibonding т orbitals 
cyclooctatetraene would have if it were planar. Notice / \ 

that, unlike benzene, this molecule is predicted to have EN ОДИНА Nee MUN E phe 28 --- (Nonbonding т orbitals) 
two nonbonding orbitals, and because it has eight 7 N / 

electrons, it would have an unpaired electron in each of E | ES Bonding z orbitals 


the two nonbonding orbitals (Hund's rule, Section 1.10). о EB 


Such a system would not be expected to be aromatic. 


Because cyclooctatetraene does not gain stability by becoming planar, it assumes the 
tub shape shown below. (In Section 14.7E we shall see that cyclooctatetraene would actu- 
ally lose stability by becoming planar.) The bonds of cyclooctatetraene are known to be 
alternately long and short; X-ray studies indicate that they are 1.48 and 1.34 À, respectively. 


ie, 


14.7B The Annulenes 


The word annulene is incorporated into the class name for monocyclic compounds that 
can be represented by structures having alternating single and double bonds. The ring size 
of an annulene is indicated by a number in brackets. Thus, benzene is [6]annulene and 
cyclooctatetraene is [8]annulene. 


€ Hiickel’s rule predicts that annulenes will be aromatic if their molecules have 
4n + 2 п electrons and have a planar carbon skeleton: 


Benzene Cyclooctatetraene 
([GJannulene) ([BJannulene) 
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Before 1960 the only annulenes that were available to test Hückel's predictions were 
benzene and cyclooctatetraene. During the 1960s, and largely as a result of research by F. 
Sondheimer, a number of large-ring annulenes were synthesized, and the predictions of 
Hiickel’s rule were verified. 

Consider the [14], [16], [18], [20], [22], and [24]annulenes as examples. Of these, as 
Hückel's rule predicts, the [14], [18], and [22]annulenes (4n + 2 when n = 3, 4, 5, respec- 
tively) have been found to be aromatic. The [16]annulene and the [24]annulene are not aro- 
matic; they are antiaromatic (see Section 14.7E). They are 4n compounds, not 4n + 2 


compounds: 


[14]Annulene [16]Annulene [18]Annulene 
(aromatic) (antiaromatic) (aromatic) 


Examples of [10] and [12]annulenes have also been synthesized and none is aromatic. 
We would not expect [12]annulenes to be aromatic since they have 12 т electrons and do 
not obey Hückel's rule. The following [10]annulenes would be expected to be aromatic on 
the basis of electron count, but their rings are not planar. 


4 5 6 
[10]Аппиіепеѕ 
None is aromatic because none is planar. 


The [10]annulene 4 has two trans double bonds. Its bond angles are approximately 120°; 
therefore, it has no appreciable angle strain. The carbon atoms of its ring, however, are pre- 
vented from becoming coplanar because the two hydrogen atoms in the center of the ring 
interfere with each other. Because the ring is not planar, the p orbitals of the carbon atoms 
are not parallel and, therefore, cannot overlap effectively around the ring to form the 77 mol- 
ecular orbitals of an aromatic system. 

The [10]annulene with all cis double bonds (5) would, if it were planar, have consider- 
able angle strain because the internal bond angles would be 144?. Consequently, any sta- 
bility this isomer gained by becoming planar in order to become aromatic would be more 
than offset by the destabilizing effect of the increased angle strain. A similar problem of a 
large angle strain associated with a planar form prevents molecules of the [10]annulene iso- 
mer with one trans double bond (6) from being aromatic. 

After many unsuccessful attempts over many years, in 1965 [4]annulene (or cyclobuta- 
diene) was synthesized by R. Pettit and co-workers at the University of Texas, Austin. 
Cyclobutadiene is a 4n molecule, not a 4n + 2 molecule, and, as we would expect, it is a 
highly unstable compound and it is antiaromatic (see Section 14.7E): 


Cyclobutadiene 
or [4Jannulene 
(antiaromatic) 


D Ki 645 


Helpful Hint 


These names are often used for 
conjugated rings of 10 or more 
carbon atoms, but they are 
seldom used for benzene and 
cyclooctatetraene. 


[18]Annulene. 
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Solved Problem 14.2 
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Using the polygon-and-circle method to outline the molecular orbitals of cyclobutadiene, explain why cyclobuta- 


diene is not aromatic. 


STRATEGY AND ANSWER 


We inscribe a square inside a circle with one corner at the bottom. 


АХ = Antibonding МО 
= РЕР eu Nonbonding MOs 
nN Ø A Bonding MO 


We see that cyclobutadiene, according to this model, would have have an unpaired electron in each of its two non- 
bonding molecular orbitals. We would, therefore, not expect cyclobutadiene to be aromatic. 


Figure 14.8 The induced magnetic 
field of the т electrons of benzene 
deshields the benzene protons. 
Deshielding occurs because at the 
location of the protons the induced 
field is in the same direction as the 
applied field. 


14.7C NMR Spectroscopy: Evidence for Electron 
Delocalization in Aromatic Compounds 


The 'H NMR spectrum of benzene consists of a single unsplit signal at 6 7.27. That only 
a single unsplit signal is observed is further proof that all of the hydrogens of benzene are 
equivalent. That the signal occurs at relatively high frequency is, as we shall see, compelling 
evidence for the assertion that the 7 electrons of benzene are delocalized. 

We learned in Section 9.6 that circulations of ø electrons of C —H bonds cause the pro- 
tons of alkanes to be shielded from the applied magnetic field of an NMR spectrometer 
and, consequently, these protons absorb at lower frequency. We shall now explain the high 
frequency absorption of benzene protons on the basis of deshielding caused by circulation 
of the т electrons of benzene, and this explanation, as you will see, requires that the 7 elec- 
trons be delocalized. 

When benzene molecules are placed in the powerful magnetic field of the NMR spec- 
trometer, electrons circulate in the direction shown in Fig. 14.8; by doing so, they gener- 
ate a ring current. (If you have studied physics, you will understand why the electrons 
circulate in this way.) 


© The circulation of 7 electrons in benzene creates an induced magnetic field that, at 
the position of the protons, reinforces the applied magnetic field. This reinforce- 
ment causes the protons to be strongly deshielded and to have a relatively high fre- 
quency (6 ~ 7) absorption. 


By “deshielded” we mean that the protons sense the sum of the two fields, and, therefore, 
the net magnetic field strength is greater than it would have been in the absence of the 
induced field. This strong deshielding, which we attribute to a ring current created by the 
delocalized m electrons, explains why aromatic protons absorb at relatively high frequency. 


Induced magnetic 
field 


Proton deshielded by 
induced field 


Circulating 7 electrons 


———áà : 
(ring current) 
— 
Applied 
magnetic B 
field 0 
— 
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The deshielding of external aromatic protons that results from the ring current is one of 
the best pieces of physical evidence that we have for z-electron delocalization in aromatic 
rings. In fact, relatively high frequency proton absorption is often used as a criterion for 
assessing aromaticity in newly synthesized conjugated cyclic compounds. 

Not all aromatic protons have high frequency absorptions, however. The internal pro- 
tons of large-ring aromatic compounds that have hydrogens in the center of the ring (in the 
7r-electron cavity) absorb at unusually low frequency because they are highly shielded by 
the opposing induced magnetic field in the center of the ring (see Fig. 14.8). An example 
is [18]annulene (Fig. 14.9). The internal protons of [18]annulene absorb far upfield at 6 
—3.0, above the signal for tetramethylsilane (TMS); the external protons, on the other hand, 
absorb far downfield at 6 9.3. Considering that [18]annulene has 4n + 2 т electrons, this 
evidence provides strong support for zr-electron delocalization as a criterion for aromatic- 
ity and for the predictive power of Hiickel’s rule. 


14.7D Aromatic lons 


In addition to the neutral molecules that we have discussed so far, there are a number of 
monocyclic species that bear either a positive or a negative charge. Some of these ions show 
unexpected stabilities that suggest that they are aromatic ions. Hückel's rule is helpful in 
accounting for the properties of these ions as well. We shall consider two examples: the 
cyclopentadienyl anion and the cycloheptatrienyl cation. 

Cyclopentadiene is not aromatic; however, it is unusually acidic for a hydrocarbon. (The 
pK, for cyclopentadiene is 16 and, by contrast, the pK, for cycloheptatriene is 36.) Because 
of its acidity, cyclopentadiene can be converted to its anion by treatment with moderately 
strong bases. The cyclopentadienyl anion, moreover, is unusually stable, and NMR spec- 
troscopy shows that all five hydrogen atoms in the cyclopentadienyl anion are equivalent 


and absorb downfield. 
strong base [ \ 
————— 
H H H 
Cyclopentadiene Cyclopentadienyl anion 


The orbital structure of cyclopentadiene (Fig. 14.10) shows why cyclopentadiene, itself, 
is not aromatic. Not only does it not have the proper number of т electrons, but the 7 elec- 
trons cannot be delocalized about the entire ring because of the intervening sp^-hybridized 
— СН — group with no available p orbital. 

On the other hand, if the —CHz— carbon atom becomes sp? hybridized after it loses а 
proton (Fig. 14.10), the two electrons left behind can occupy the new p orbital that is pro- 
duced. Moreover, this new p orbital can overlap with the p orbitals on either side of it and 


Sp? - hybridization here Sp? - hybridization at all 
disrupts delocalization. carbons allows delocalization. 


Cyclopentadiene Cyclopentadieny! anion 


Figure 14.10 Cyclopentadiene is not aromatic because it has only four 7 electrons and the ѕр?- 
hybridized carbon prevents complete delocalization around the ring. Removal of a proton produces 
the cyclopentadienyl anion, which is aromatic because it has 6 7 electrons and all of its carbon 
atoms have a p orbital. 


H 


Figure 14.9 [18]Annulene. The 
internal protons (red) are highly 
shielded and absorb at 5 —3.0. 
The external protons (blue) are 
highly deshielded and absorb 

at 6 9.3. 
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Figure 14.11 Ап electrostatic 
potential map of the 
cyclopentadienyl anion. The ion 
is negatively charged overall, of 
course, but regions with greatest 
negative potential are shown in 
red, and regions with least 
negative potential are in blue. 
The concentration of negative 
potential in the center of the 
top face and bottom face (not 
shown) indicates that the extra 
electron of the ion is involved in 
the aromatic z-electron system. 
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give rise to a ring with six delocalized 7 electrons. Because the electrons are delocalized, all 
of the hydrogen atoms are equivalent, and this agrees with what NMR spectroscopy tells us. 
A calculated electrostatic potential map for cyclopentadienyl anion (Fig. 14.11) also shows 
the symmetrical distribution of negative charge within the ring, and the overall symmetry of 
the ring structure. 

Six, the number of 7 electrons in the cyclopentadienyl anion is, of course, a Hückel num- 
ber (Ап + 2, where n = 1). 


@ The cyclopentadienyl anion is, therefore, an aromatic anion, and the unusual acid- 
ity of cyclopentadiene is a result of the unusual stability of its anion. 


Cycloheptatriene (Fig. 14.12) (a compound with the common name tropylidene) has six 
a electrons. However, the six 7 electrons of cycloheptatriene cannot be fully delocalized 
because of the presence of the —CH»— group, a group that does not have an available p 
orbital (Fig. 14.12). 

When cycloheptatriene is treated with a reagent that can abstract a hydride ion, it is con- 
verted to the cycloheptatrienyl (or tropylium) cation. The loss of a hydride ion from cyclo- 
heptatriene occurs with unexpected ease, and the cycloheptatrienyl cation is found to be 
unusually stable. The NMR spectrum of the cycloheptatrienyl cation indicates that all seven 
hydrogen atoms are equivalent. If we look closely at Fig. 14.12, we see how we can account 
for these observations. 


Sp? - hybridization here Sp? - hybridization at all 
disrupts delocalization. carbons allows delocalization. 


or 


Cycloheptatriene Cycloheptatrienyl cation 


Figure 14.13 An electrostatic 
potential map of the tropylium 
cation. The ion is positive 
overall, of course, but a region 
of relatively greater negative 
electrostatic potential can clearly 
be seen around the top face 
(and bottom face, though not 
shown) of the ring where 
electrons are involved in the 7 
system of the aromatic ring. 


Figure 14.12  Cycloheptatriene is not aromatic, even though it has six 7 electrons, because it has 
an sp?-hybridized carbon that prevents delocalization around the ring. Removal of a hydride (Н: ) 
produces the cycloheptatrienyl cation, which is aromatic because all of its carbon atoms now have 
a p orbital, and it still has 6 7 electrons. 


H H 


Cycloheptatriene Cycloheptatrienyl cation 
(tropylium cation) 


As a hydride ion is removed from the — СН — group of cycloheptatriene, a vacant p 
orbital is created, and the carbon atom becomes sp? hybridized. The cation that results has 
seven overlapping p orbitals containing six delocalized т electrons. The cycloheptatrienyl 
cation is, therefore, an aromatic cation, and all of its hydrogen atoms should be equivalent; 
again, this is exactly what we find experimentally. 

The calculated electrostatic potential map for cycloheptatrienyl (tropylium) cation (Fig. 
14.13) also shows the symmetry of this ion. Electrostatic potential from the m electrons 
involved in the aromatic system is indicated by the yellow-orange color that is evenly dis- 
tributed around the top face (and bottom face, though not shown) of the carbon framework. 
The entire ion is positive, of course, and the region of greatest positive potential is indi- 
cated by blue around the periphery of the ion. 
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Solved Problem 14.3 


Apply the polygon-and-circle method to explain why the cyclopentadienyl anion is aromatic. 


STRATEGY AND ANSWER We inscribe a pentagon inside a circle with one corner at the bottom and find that the 
energy levels of the molecular orbitals are such that three molecular orbitals are bonding and two are antibonding: 


— Antibonding MOs 


pA 1 Bonding MOs 


Cyclopentadienyl anion has six 7 electrons, which is a Hückel number, and they fill all the bonding orbitals. 
There are no unpaired electrons and no electrons in antibonding orbitals. This is what we would expect of an 
aromatic ion. 


Apply the polygon-and-circle method to cyclopentadienyl cation and explain whether it Review Problem 14.4 
would be aromatic or not. 


$ 


Q 


Cyclopentadienyl 
cation 


Apply the polygon-and-circle method to the cycloheptatrienyl anion and cation and explain Review Problem 14.5 
whether each would be aromatic or not. 


(a) um (b) + 


Cycloheptatrienyl Cycloheptatrienyl 
anion cation 


1,3,5-Cycloheptatriene is even less acidic than 1,3,5-heptatriene. Explain how this experi- Review Problem 14.6 
mental observation might help to confirm your answer to part (b) of the previous problem. 


When 1,3,5-cycloheptatriene reacts with one molar equivalent of bromine at 0°C, it under- Review Problem 14.7 
goes 1,6 addition. (a) Write the structure of this product. (b) On heating, this 1,6-addition 

product loses HBr readily to form a compound with the molecular formula C7H7Br, called 

tropylium bromide. 'Tropylium bromide is insoluble in nonpolar solvents but is soluble in 

water; it has an unexpectedly high melting (mp 203?C), and when treated with silver nitrate, 

an aqueous solution of tropylium bromide gives a precipitate of AgBr. What do these exper- 

imental results suggest about the bonding in tropylium bromide? 


14.7E Aromatic, Antiaromatic, and Nonaromatic 
Compounds 


€ An aromatic compound has its 7 electrons delocalized over the entire ring and it is 
stabilized by the 7r-electron delocalization. 


As we have seen, a good way to determine whether the 7 electrons of a cyclic system are 
delocalized is through the use of NMR spectroscopy. It provides direct physical evidence 
of whether or not the 7 electrons are delocalized. 
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But what do we mean by saying that a compound is stabilized by zr-electron delocal- 
ization? We have an idea of what this means from our comparison of the heat of hydro- 
genation of benzene and that calculated for the hypothetical 1,3,5-cyclohexatriene. We saw 
that benzene—in which the 7r electrons are delocalized—is much more stable than 1,3,5- 
cyclohexatriene (a model in which the 7 electrons are not delocalized). We call the energy 
difference between them the resonance energy (delocalization energy) or stabilization 
energy. 

In order to make similar comparisons for other aromatic compounds, we need to choose 
proper models. But what should these models be? 

One way to evaluate whether a cyclic compound is stabilized by delocalization of 7 elec- 
trons through its ring is to compare it with an open-chain compound having the same num- 
ber of 7 electrons. This approach is particularly useful because it furnishes us with models 
not only for annulenes but for aromatic cations and anions, as well. (Corrections need to 
be made, of course, when the cyclic system is strained.) 

To use this approach we do the following: 


1. We take as our model a linear chain of sp^-hybridized atoms having the same num- 
ber of т electrons as our cyclic compound. 


2. Then we imagine removing a hydrogen atom from each end of the chain and joining 
the ends to form a ring. 


€ If, based on sound calculations or experiments, the ring has lower zr-electron 
energy, then the ring is aromatic. 


© If the ring and the chain have the same -electron energy, then the ring is 
nonaromatic. 


© If the ring has greater 7-electron energy than the open chain, then the ring is 
antiaromatic. 


The actual calculations and experiments used in determining z-electron energies are 
beyond our scope, but we can study four examples that illustrate how this approach has 
been used. 


Cyclobutadiene For cyclobutadiene we consider the change in zr-electron energy for 
the following hypothetical transformation: 


di т-еіесігоп = 
"energy increases = "о 
S gy 
1,3-Butadiene Cyclobutadiene 
4 7 electrons 4 7 electrons (antiaromatic) 


Calculations indicate and experiments appear to confirm that the z-electron energy of 
cyclobutadiene is higher than that of its open-chain counterpart. Thus cyclobutadiene is clas- 
sified as antiaromatic. 


Benzene Here our comparison is based on the following hypothetical transformation: 


О melectron _ 
25 energy decreases + H; 
1,3,5-Hexatriene Benzene 
6 7 electrons 6 7 electrons (aromatic) 


Calculations indicate and experiments confirm that benzene has a much lower zr-electron 
energy than 1,3,5-hexatriene. Benzene is classified as being aromatic on the basis of this 
comparison as well. 


14.8 Other Aromatic Compounds 


Cyclopentadienyl Anion Here we use a linear anion for our hypothetical transformation: 


E = 
я - electron _ + H, 
p" energy decreases 


6 7 electrons Cyclopentadienyl anion 
6 7 electrons (aromatic) 


Both calculations and experiments confirm that the cyclic anion has a lower z-electron 
energy than its open-chain counterpart. Therefore the cyclopentadienyl anion is classified 


as aromatic. 


Cyclooctatetraene For cyclooctatetraene we consider the following hypothetical trans- 


formation: 
4 NN 
___пејестоп _ 
energy increases * H; 
X fF 
8 7 electrons Hypothetical planar 


cyclooctatetraene 
8 т electrons (antiaromatic) 


Here calculations and experiments indicate that a planar cyclooctatetraene would have 
higher zr-electron energy than the open-chain octatetraene. Therefore, a planar form of 
cyclooctatetraene would, if it existed, be antiaromatic. As we saw earlier, cyclooctatetraene 
is not planar and behaves like a simple cyclic polyene. 


Solved Problem 14.4 


Calculations indicate that the 77-electron energy decreases for the hypothetical transformation from the allyl cation 
to the cyclopropenyl cation below. What does this indicate about the possible aromaticity of the cyclopropenyl cation 


ES 


L0 __melectron _ А 


energy decreases 


STRATEGY AND ANSWER Because the z-electron energy of the cyclic cation is less than that of the allyl cation, 
we can conclude that the cyclopropenyl cation would be aromatic. (See Review Problem 14.9 for more informa- 
tion on this cation.) 


The cyclopentadienyl cation is apparently antiaromatic. Explain what this means in terms Review Problem 14.8 
of the 7-electron energies of a cyclic and an open-chain compound. 


In 1967 R. Breslow (of Columbia University) and co-workers showed that adding SbCls Review Problem 14.9 
to a solution of 3-chlorocyclopropene in CH2Cle caused the precipitation of a white solid 

with the composition C3H3* SbClg . NMR spectroscopy of a solution of this salt showed 

that all of its hydrogen atoms were equivalent. (a) What new aromatic ion had Breslow and 

co-workers prepared? (b) How many '?C NMR signals would you predict for this ion? 


14.8 Other Aromatic Compounds 


14.8A Benzenoid Aromatic Compounds 


In addition to those that we have seen so far, there are many other examples of aromatic 
compounds. Representatives of one broad class of benzenoid aromatic compounds, called 
polycyclic aromatic hydrocarbons (PAH), are illustrated in Fig. 14.14. 
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Naphthalene Anthracene 
C,H, C,,H,, 


Figure 14.14 Benzenoid 


Phenanthrene 


C,,H,, 


aromatic hydrocarbons. 10 Ц 
Some polycyclic aromatic 6 
hydrocarbons (PAHs), such 1 

as dibenzo[a,l]pyrene, are 2 5 
carcinogenic. (See "The 


Chemistry of . . . Epoxides, 3 4 
Carcinogens, and Biological Pyrene Benzo[a]pyrene 
Oxidation" in Section 11.14.) С Но C, H;; 


Dibenzo[a,/]pyrene 


СН, , 


€ Benzenoid polycyclic aromatic hydrocarbons consist of molecules having two or 


more benzene rings fused together. 


A close look at one example, naphthalene, will illustrate what we mean by this. 
According to resonance theory, a molecule of naphthalene can be considered to be a 
hybrid of three Kekulé structures. One of these Kekulé structures, the most important one, 
is shown in Fig. 14.15. There are two carbon atoms in naphthalene (C4a and C8a) that are 
common to both rings. These two atoms are said to be at the points of ring fusion. They 
direct all of their bonds toward other carbon atoms and do not bear hydrogen atoms. 


H H 


3 
Figure 14.15 One Kekulé | | 
structure for naphthalene. H H 


Solved Problem 14.5 


How тапу !?C NMR signals would you expect for acenaphthylene? 


STRATEGY AND ANSWER Acenaphthylene has a plane of symmetry which makes the five 
carbon atoms on the left (а–е, at right) equivalent to those on the right. Carbon atoms f and 
g are unique. Consequently, acenaphthylene should give seven '?C NMR signals. 


| 
7 208. ва „Ох H 
om io sud Cof 
- 
G 
H^ Nc ayc >H 
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Acenaphthylene 


Acenaphthylene 
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How many !?C NMR signals would you predict for (a) naphthalene, (b) anthracene, (c) 
phenanthrene, and (d) pyrene? 


Molecular orbital calculations for naphthalene begin with the model shown in Fig. 14.16. 
The p orbitals overlap around the periphery of both rings and across the points of ring fusion. 

When molecular orbital calculations are carried out for naphthalene using the model 
shown in Fig. 14.16, the results of the calculations correlate well with our experimental 
knowledge of naphthalene. The calculations indicate that delocalization of the 10 7 elec- 
trons over the two rings produces a structure with considerably lower energy than that cal- 
culated for any individual Kekulé structure. Naphthalene, consequently, has a substantial 
resonance energy. Based on what we know about benzene, moreover, naphthalene's ten- 
dency to react by substitution rather than addition and to show other properties associated 
with aromatic compounds is understandable. 


Figure 14.16 The stylized p orbitals 
of naphthalene. 


Anthracene and phenanthrene (Fig. 14.14) are isomers. In anthracene the three rings are 
fused in a linear way, and in phenanthrene they are fused so as to produce an angular mol- 
ecule. Both of these molecules also show large resonance energies and chemical proper- 
ties typical of aromatic compounds. 

Pyrene (Fig. 14.17) is also aromatic. Pyrene itself has been known for a long time; a 
pyrene derivative, however, has been the object of research that shows another interesting 
application of Hückel's rule. 

To understand this particular research, we need to pay special attention to the Kekulé 
structure for pyrene (Fig. 14.17). The total number of 7 electrons in pyrene is 16 (8 dou- 
ble bonds = 16 т electrons). Sixteen is a non-Hückel number, but Hückel's rule is 
intended to be applied only to monocyclic compounds and pyrene is clearly tetracyclic. 
If we disregard the internal double bond of pyrene, however, and look only at the periph- 
ery, we see that the periphery is a planar ring with 14 т electrons. The periphery is, in fact, 
very much like that of [14]annulene. Fourteen is a Ниске] number (47 + 2, where n = 3), 
and one might then predict that the periphery of pyrene would be aromatic by itself, in the 


absence of the internal double bond. 


[14JAnnulene  trans-15,16-Dimethyldihydropyrene 


This prediction was confirmed when V. Boekelheide (University of Oregon) synthesized 
trans-15,16-dimethyldihydropyrene and showed that it is aromatic. 
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Review Problem 14.10 


Figure 14.17 One Kekulé 
structure for pyrene. The internal 
double bond is enclosed in a 
dotted circle for emphasis. 
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Review Problem 14.11 


Figure 14.18 A calculated electrostatic 
potential map for azulene. (Red areas are 
more negative and blue areas are less 


negative.) 


Review Problem 14.12 


The Nobel Prize in 
Chemistry was awarded 
in 1996 to Professors 


Curl, Kroto, and Smalley for their 
discovery of fullerenes. 


Figure 14.19 The structures of Сер 


and Сто. Reprinted with permission 


from Diederic, Е, and Whetten, R. L. 


Accounts of Chemical Research, 


Vol. 25, pp. 119-126, 1992. Copyright 


1992 by American Chemical Society. 
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In addition to a signal downfield, the 'H NMR spectrum of trans-15,16-dimethyldihy- 
dropyrene has a signal far upfield at 6 —4.2. Account for the presence of this upfield signal. 


14.88 Nonbenzenoid Aromatic Compounds 


Naphthalene, phenanthrene, and anthracene are examples of benzenoid aromatic com- 
pounds. On the other hand, the cyclopentadienyl anion, the cycloheptatrienyl cation, trans- 
15,16-dimethyldihydropyrene, and the aromatic annulenes (except for [6]annulene) are 
classified as nonbenzenoid aromatic compounds. 

Another example of a nonbenzenoid aromatic hydrocarbon is the compound azulene. 
Azulene has a resonance energy of 205 kJ mol ' There is substantial separation of charge 
between the rings in azulene, as is indicated by the electrostatic potential map for azulene 
shown in Fig. 14.18. Factors related to aromaticity account for this property of azulene (see 


Review Problem 14.12). 


Azulene 


Azulene has an appreciable dipole moment. Write resonance structures for azulene that 
explain this dipole moment and that help explain its aromaticity. 


14.8C Fullerenes 


In 1990 W. Krátschmer (Max Planck Institute, Heidelberg), D. Huffman (University of 
Arizona), and their co-workers described the first practical synthesis of Ceo, a molecule 
shaped like a soccer ball and called buckminsterfullerene. Formed by the resistive heat- 
ing of graphite in an inert atmosphere, Ceo is a member of an exciting new group of aro- 
matic compounds called fullerenes. Fullerenes are cagelike molecules with the geometry 
of a truncated icosahedron or geodesic dome, named after the architect Buckminster 
Fuller, renowned for his development of structures with geodesic domes. The structure 
of Ceo and its existence had been established five years earlier, by H. W. Kroto (University 
of Sussex), R. E. Smalley and R. F. Curl (Rice University), and their co-workers. Kroto, 
Curl, and Smalley had found both Ceo and С“, (Fig. 14.19) as highly stable components 
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of a mixture of carbon clusters formed by laser-vaporizing graphite. Since 1990 chemists 
have synthesized many other higher and lower fullerenes and have begun exploring their 
interesting chemistry. 


THE CHEMISTRY OF... 


Nanotubes 


Nanotubes are a relatively new class of carbon-based mate- 
rials related to buckminsterfullerenes. A nanotube is a struc- 
ture that looks as though it were formed by rolling a sheet 
of graphitelike carbon (a flat network of fused benzene rings 
resembling chicken wire) into the shape of a tube and cap- 
ping each end with half of a buckyball. Nanotubes are very 
tough—about 100 times as strong as steel. Besides their 
potential as strengtheners for new composite materials, 
some nanotubes have been shown to act as electrical con- 
ductors or semiconductors depending on their precise form. 
They are also being used as probe tips for analysis of DNA 
and proteins by atomic force microscopy (AFM). Many other 


applications have been envisioned for them as well, includ- д network of benzene rings, highlighted in black on this 
ing use as molecular-size test tubes or capsules for drug ^ scanning tunneling microscopy (STM) image, comprise the wall 
delivery. of a nanotube. 


Like a geodesic dome, a fullerene is composed of a network of pentagons and hexagons. 
To close into a spheroid, a fullerene must have exactly 12 five-membered faces, but the num- 
ber of six-membered faces can vary widely. The structure of Соо has 20 hexagonal faces; 
Сто has 25. Each carbon of a fullerene is sp? hybridized and forms ø bonds to three other 
carbon atoms. The remaining electron at each carbon is delocalized into a system of mol- 
ecular orbitals that gives the whole molecule aromatic character. 

The chemistry of fullerenes is proving to be even more fascinating than their synthesis. 
Fullerenes have a high electron affinity and readily accept electrons from alkali metals to 
produce a new metallic phase—a “buckide” salt. One such salt, KaCeo, is a stable metallic 
crystal consisting of a face-centered-cubic structure of “buckyballs” with a potassium ion 
in between; it becomes a superconductor when cooled below 18 K. Fullerenes have even 
been synthesized that have metal atoms in the interior of the carbon atom cage. 


14.9 Heterocyclic Aromatic Compounds 


Almost all of the cyclic molecules that we have discussed so far have had rings composed 
solely of carbon atoms. However, in many cyclic compounds an element other than carbon 
is present in the ring. 


€ Cyclic compounds that include an element other than carbon are called hetero- 
cyclic compounds. 


Heterocyclic molecules are quite commonly encountered in nature. For this reason, and 
because some of these molecules are aromatic, we shall now describe a few examples of 
heterocyclic aromatic compounds. 

Heterocyclic compounds containing nitrogen, oxygen, or sulfur are by far the most com- 
mon. Four important examples are given here in their Kekulé forms. These four compounds 
are all aromatic: 

Observe the following: 


@ Pyridine is electronically related to benzene. 
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Solved Problem 14.6 
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ө Pyrrole, furan, and thiophene are related to the cyclopentadienyl anion. 


4 

502 N3 4 3 4 3 4 3 

СЕ З. И, 4, 

М N1 O S 

1 | 1 1 
H 

Pyridine Pyrrole Furan Thiophene 


The nitrogen atoms in molecules of both pyridine and pyrrole are sp” hybridized. In pyri- 
dine (Fig. 14.20) the sp^-hybridized nitrogen donates one bonding electron to the 7 sys- 
tem. This electron, together with one from each of the five carbon atoms, gives pyridine a 
sextet of electrons like benzene. The two unshared electrons of the nitrogen of pyridine are 
in an sp? orbital that lies in the same plane as the atoms of the ring. This sp? orbital does 
not overlap with the p orbitals of the ring (it is, therefore, said to be orthogonal to the p 
orbitals). The unshared pair on nitrogen is not a part of the т system, and these electrons 
confer on pyridine the properties of a weak base. 


б È ) 
$ —— —$. | 


- / \ 


Figure 14.20 Pyridine is aromatic and weakly basic. Its 
nitrogen atom has an unshared electron pair in an sp? orbital 
(shown in gray) that is not part of the aromatic system. 


In pyrrole (Fig. 14.21) the electrons are arranged differently. Because only four 7 elec- 
trons are contributed by the carbon atoms of the pyrrole ring, the sp?-hybridized nitrogen 
must contribute two electrons to give an aromatic sextet. Because these electrons are a part 
of the aromatic sextet, they are not available for donation to a proton. Thus, in aqueous 
solution, pyrrole is not appreciably basic. 


Figure 14.21 Pyrrole is aromatic but not basic. It does 
not have any unshared electron pairs. The electron pair on 
nitrogen is part of the aromatic system. 


Imidazole (at right) has two nitrogens. МЗ is relatively basic (like the nitrogen of pyri- Non-basic 
dine). N1 is relatively nonbasic (like the nitrogen of pyrrole). 4N у“ nitrogen 
Explain the different basicities of these two nitrogens. 3 :N—H 
; 3 Na! 
Ne 2 


Basic nitrogen 


14.10 Aromatic Compounds in Biochemistry P 657 


STRATEGY AND ANSWER When imidazole accepts a proton at N3 the electron pair that accepts the proton is not 
a part of the 7 system of six electrons that makes imidazole aromatic. Consequently, the conjugate base that is 
formed is still aromatic (it is an aromatic cation) and retains its resonance energy of stabilization. 


E Пен = e + XE 
X= Ns NS/ 


(Aromatic) (Aromatic) 


On the other hand, if imidazole were to accept a proton at N1 the resulting ion (which is not formed) would not 
be aromatic and would have much greater potential energy (its resonance stabilization would be lost). Hence, N1 


is not appreciably basic. 
ES 
H—xX: 
Fo X pS „H ae 
:N—H => М TX: 
Na Na ^H à 


(Aromatic) (Non-aromatic) 
6 7 electrons 4 7 electrons 


Furan and thiophene are structurally quite similar to pyrrole. The oxygen atom in furan 
and the sulfur atom in thiophene are sp? hybridized. In both compounds the p orbital of the 
heteroatom donates two electrons to the 7 system. The oxygen and sulfur atoms of furan 
and thiophene carry an unshared pair of electrons in an sp? orbital (Fig. 14.22) that is orthog- 
onal to the 7r system. 


Furan Thiophene 


Figure 14.22 Furan and thiophene are aromatic. In each case, the 
heteroatom provides a pair of electrons to the aromatic system, but each 
also has an unshared electron pair in an sp? orbital that is not part of the 
aromatic system. 


14.10 Aromatic Compounds in Biochemistry 


Compounds with aromatic rings occupy numerous and important positions in reactions that 
occur in living systems. It would be impossible to describe them all in this chapter. We shall, 
however, point out a few examples now and we shall see others later. 

Two amino acids necessary for protein synthesis contain the benzene ring: 


О 


; 
HO NH; 


Phenylalanine Tyrosine 
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A third aromatic amino acid, tryptophan, contains a benzene ring fused to a pyrrole ring. 
(This aromatic ring system is called an indole system, see Section 20.1B.) 


3 
5 
Yo 
6 E 
N 1 
7 \ 
H 
Tryptophan Indole 


It appears that humans, because of the course of evolution, do not have the biochemi- 
cal ability to synthesize the benzene ring. As a result, phenylalanine and tryptophan deriv- 
atives are essential in the human diet. Because tyrosine can be synthesized from 
phenylalanine in a reaction catalyzed by an enzyme known as phenylalanine hydroxylase, 
it is not essential in the diet as long as phenylalanine is present. 


Dairy products, beans, fish, Heterocyclic aromatic compounds are also present in many biochemical systems. 
meat, and poultry are dietary Derivatives of purine and pyrimidine are essential parts of DNA and RNA: 
sources of the essential amino 
acids. 6 4 4 
E 5 № 3 
1 NZ \ 5,27 № 
Сее 
2% M BN 2 
N Ne N 
3 H 1 
Purine Pyrimidine 


DNA is the molecule responsible for the storage of genetic information, and RNA is promi- 
nently involved in the synthesis of enzymes and other proteins (Chapter 25). 


Review Problem 14.13 (a) The —SH group is sometimes called the mercapto group. 6-Mercaptopurine is used in 
the treatment of acute leukemia. Write its structure. (b) Allopurinol, a compound used to 
treat gout, is 6-hydroxypurine. Write its structure. 


Nicotinamide adenine dinucleotide, one of the most important coenzymes (Section 
24.9) in biological oxidations and reductions, includes both a pyridine derivative (nicoti- 
namide) and a purine derivative (adenine) in its structure. Its formula is shown in Fig. 14.23 
as МАР“, the oxidized form that contains the pyridinium aromatic ring. The reduced form 
of the coenzyme is NADH, in which the pyridine ring is no longer aromatic due to pres- 
ence of an additional hydrogen and two electrons in the ring. 


Nicotinamide Adenine 
у 
? NH; 
HN S С | “у: 
+ #27 и _ 2 
N О О N N 
O—P—O-—P-—O 
| О 
он но О 
о 
i OH HO 
Figure 14.23 Nicotinamide adenine неког Pyrophosphate 
dinucleotide (NAD*). Ribose 
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A key role of NAD” in metabolism is to serve as a coenzyme for glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH) in glycolysis, the pathway by which glucose is broken down 
for energy production. In the reaction catalyzed by GAPDH (Fig. 14.24), the aldehyde group 
of glyceraldehyde-3-phosphate (GAP) is oxidized to a carboxyl group (incorporated as a 
phosphoric anhydride) in 1,3-bisphosphoglycerate (1,3-BPG). Concurrently, the aromatic 
pyridinium ring of NAD* is reduced to its higher energy form, NADH. One of the ways 
the chemical energy stored in the nonaromatic ring of NADH is used is in the mitochon- 
dria for the production of ATP, where cytochrome electron transport and oxidative phos- 
phorylation take place. There, release of chemical energy from NADH by oxidation to the 
more stable aromatic form NAD* (and a proton) is coupled with the pumping of protons 
across the inner mitochondrial membrane. An electrochemical gradient is created across 
the mitochondrial membrane, which drives the synthesis of ATP by the enzyme ATP 


synthase. 
О O- O o 
A oh = i glyceraldehyde-3-phosphate ЕР 1" | 
i н 4 0— | =O dehydrogenase (GAPDH) . р . m nod 
o—P=00H РА ope o- 
O- 9 H H? O- 
Glyceraldehyde- EN NH, NH, 1,3-Bisphosphoglycerate 


3-phosphate (GAP) | (1,3-BPG) 


+ Ht 


NAD+ R Electron NADH 


(aromatic) И (not aromatic) 


Figure 14.24 МАО“, as the coenzyme in glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
is used to oxidize glyceraldehyde-3-phosphate (GAP) to 1,3-bisphosphoglycerate during the 
degradation of glucose in glycolysis. One of the ways that NADH can be reoxidized to МАО“ is by 
the electron transport chain in mitochondria, where, under aerobic conditions, rearomatization of 
NADH helps to drive ATP synthesis. 


The chemical energy stored in NADH is used to bring about many other essential bio- 
chemical reactions as well. NADH is part of an enzyme called lactate dehydrogenase that 
reduces the ketone group of pyruvic acid to the alcohol group of lactic acid. Here, the 
nonaromatic ring of NADH is converted to the aromatic ring of МАР“. This process is 
important in muscles operating under oxygen-depleted conditions (anaerobic metabolism), 
where reduction of pyruvic acid to lactic acid by NADH serves to regenerate NAD” that 
is needed to continue glycolytic synthesis of ATP: 


H, H n 
NADH NAD* 
NH, = NH, 
| Js в 
| | 
O R R О 
HCN dii b M d не он 
lactate dehydrogenase ‘H 
О (regenerates МАР“ in muscle OH 
Pyruvic acid under anaerobic conditions) Lactic acid 


Yeasts growing under anaerobic conditions (fermentation) also have a pathway for regen- 
erating МАР from NADH. Under oxygen-deprived conditions, yeasts convert pyruvic acid 
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to acetaldehyde by decarboxylation (CO» is released, (see "The Chemistry of ... Thiamine” 
in WileyPLUS); then NADH in alcohol dehydrogenase reduces acetaldehyde to ethanol. As 
in oxygen-starved muscles, this pathway occurs for the purpose of regenerating NAD* 
needed to continue glycolytic ATP synthesis: 


NADH NAD* 
О 


со, M d ЊС .H 
HC 1 __.. HO H | 
| Aon pyruvate | bd alcohol dehydrogenase de 


Ó decarboxylase (regenerates NAD* in 
(with thiamine as a yeast under anaerobic 
Pyruvic acid coenzyme) Acetaldehyde conditions) Ethanol 


Although many aromatic compounds are essential to life, others are hazardous. Many 
are quite toxic, and several benzenoid compounds, including benzene itself, are carcino- 
genic. Two other examples are benzo[a]pyrene and 7-methylbenz[a]anthracene: 


1 
come 
10 
9 
8 7 6 
CH 


3 
Benzo[a]pyrene 7T-Methylbenz[a]anthracene 


На fül Hint The hydrocarbon benzo[a]pyrene has been found in cigarette smoke and in the exhaust 

TEP. from automobiles. It is also formed in the incomplete combustion of any fossil fuel. It is 

The mechanism for the Багате: found on charcoal-broiled steaks and exudes from asphalt streets on a hot summer day. 
genic effects of compounds like B ~ | ied ud ki Е | ith al 

benzo[a]pyrene was discussed in enzo[a]pyrene is so carcinogenic that one can induce skin cancers in mice with almost 

"The Chemistry of ...Epoxides, X total certainty simply by shaving an area of the body of the mouse and applying a coating 


Carcinogens, and Biological of benzo[a]pyrene. 
Oxidation" in Section 11.14. 


14.11 Spectroscopy of Aromatic Compounds 
14.11A 'H NMR Spectra 


© The ring hydrogens of benzene derivatives absorb downfield in the region between 
6 6.0 and 6 9.5. 


In Section 14.7C we found that absorption takes place far downfield because a ring current 
generated in the benzene ring creates a magnetic field, called “the induced field,’ which 
reinforces the applied magnetic field at the position of the protons of the ring. This rein- 
forcement causes the protons of benzene to be highly deshielded. 

We also learned in Section 14.7C that internal hydrogens of large-ring aromatic com- 
pounds such as [18]annulene, because of their position, are highly shielded by this induced 
field. They therefore absorb at unusually low frequency, often at negative delta values. 


14.11B '3С NMR Spectra 


@ The carbon atoms of benzene rings generally absorb in the 6 100—170 region of 
13С NMR spectra. 


Figure 14.25 gives the broadband proton-decoupled 18C NMR spectrum of 4-N,N-diethyl- 
aminobenzaldehyde and permits an exercise in making 1С assignments of a compound with 
both aromatic and aliphatic carbon atoms. 
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220 200 180 160 140 120 100 80 60 40 20 
ӧс (ppm) 


Figure 14.25 The broadband proton-decoupled 1°C NMR spectrum of 4-N,N- 
diethylaminobenzaldehyde. DEPT information and carbon assignments are shown by each peak. 


The DEPT spectra (not given to save space) show that the signal at 6 45 arises from a 
СН» group and the one at 6 13 arises from a СНз group. This allows us to assign these two 
signals immediately to the two carbons of the equivalent ethyl groups. 

The signals at 6 126 and 6 153 appear in the DEPT spectra as carbon atoms that do not 
bear hydrogen atoms and are assigned to carbons b and e (see Fig. 14.25). The greater elec- 
tronegativity of nitrogen (when compared to carbon) causes the signal from e to be further 
downfield (at 6 153). The signal at 6 190 appears as a CH group in the DEPT spectra and 
arises from the carbon of the aldehyde group. Its chemical shift is the most downfield of 
all the peaks because of the great electronegativity of its oxygen and because the second 
resonance structure below contributes to the hybrid. Both factors cause the electron den- 
sity at this carbon to be very low, and, therefore, this carbon is strongly deshielded. 


Resonance contributors for an aldehyde group 


This leaves the signals at 6 112 and 6 133 and the two sets of carbon atoms of the ben- 
zene ring labeled c and d to be accounted for. Both signals are indicated as CH groups in 
the DEPT spectra. But which signal belongs to which set of carbon atoms? Here we find 
another interesting application of resonance theory. 

If we write resonance structures A-D involving the unshared electron pair of the amino 
group, we see that contributions made by B and D increase the electron density at the set 
of carbon atoms labeled d: 


P 


T Pd a aD Qr а 
О 


D 
d =e .— (d 
(d) А y (d) 
с) (с) 
H 
A 


H 
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On the other hand, writing structures E-H involving the aldehyde group shows us that con- 
tributions made by F and H decrease the electron density at the set of carbon atoms labeled c: 


(d) (d) 
<— <— <—ә 
(с) + + (c) 
G 
uCY " " а 
H o H О,“ H О“ H О,“ 
Е Е с H 


(Other resonance structures are possible but are not pertinent to the argument here.) 
Increasing the electron density at a carbon should increase its shielding and should shift 
its signal upfield. Therefore, we assign the signal at 6 112 to the set of carbon atoms labeled 
d. Conversely, decreasing the electron density at a carbon should shift its signal downfield, 
so we assign the signal at 6 133 to the set labeled c. 
Carbon-13 spectroscopy can be especially useful in recognizing a compound with a high 
degree of symmetry. The following Solved Problem illustrates one such application. 


Solved Problem 14.7 


The broadband proton-decoupled 1С spectrum given in Fig. 14.26 is of a tribromobenzene (CgH3Br3). Which 
tribromobenzene is it? 


CDCl, 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 
Figure 14.26 The broadband proton-decoupled ‘SC NMR spectrum of a tribromobenzene. 


ANSWER There are three possible tribromobenzenes: 


Br Br Br 
Br @ pr @ Br (8) 
(b) (b) (f) (b) (b) (b) 
(c) (c) (e) (c) (a) (a) 
(d) (d) Br (b) Br 
Br 


1,2,3-Tribromobenzene  1,2,4-Tribromobenzene  1,3,5-Tribromobenzene 
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Our spectrum (Fig. 14.26) consists of only two signals, indicating that only two different types of carbon atoms 
are present in the compound. Only 1,3,5-tribromobenzene has a degree of symmetry such that it would give only 
two signals, and, therefore, it is the correct answer. 1,2,3- Tribromobenzene would give four [5c signals and 1,2,4- 
tribromobenzene would give six. 


Explain how 13C NMR spectroscopy could be used to distinguish the ortho-, meta-, and Review Problem 14.14 
para-dibromobenzene isomers one from another. 


14.11C Infrared Spectra of Substituted Benzenes 


Benzene derivatives give characteristic C —H stretching peaks near 3030 cm ! (Table 2.7). 
Stretching motions of the benzene ring can give as many as four bands in the 1450-1600- 
ст! region, with two peaks near 1500 and 1600 ст ! being stronger. 

Absorption peaks in the 680—860-cm “ ! region from out-of-plane C—H bending сап 
often (but not always) be used to characterize the substitution patterns of benzene com- 
pounds (Table 14.1). Monosubstituted benzenes give two very strong peaks, between 690 
and 710 ст! and between 730 and 770 ст“ !. 


CCID Э Infrared Absorptions in the 680-860-cm '! Region? 


11 12 13 14 15 um 


Monosubstituted 
Ortho-disubstituted 


Meta-disubstituted A E vs KS 


Para-disubstituted 


900 800 700 ст“! 


as, strong; vs, very strong. 


Ortho-disubstituted benzenes show a strong absorption peak between 735 and 770 
cm! that arises from bending motions of the C—H bonds. Meta-disubstituted benzenes 
show two peaks: one strong peak between 680 and 725 cm ! and one very strong peak 
between 750 and 810 ст“ !. Para-disubstituted benzenes give a single very strong absorp- 
tion between 800 and 860 ст“ !. 
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Review Problem 14.15 
the 680-860-cm “ ! region: 


А, 740 ст ! (strong) 
B, 800 cm ! (very strong) 
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Four benzenoid compounds, all with the formula C7H7Br, gave the following IR peaks in 


C, 680 cm! (strong) and 760 cm ! (very strong) 
D, 693 ст! (very strong) and 765 ст! (very strong) 


Propose structures for A, B, C, and D. 


14.11D Ultraviolet-Visible Spectra of Aromatic Compounds 


The conjugated 7 electrons of a benzene ring give characteristic ultraviolet absorptions that 
indicate the presence of a benzene ring in an unknown compound. One absorption band of 
moderate intensity occurs near 205 nm and another, less intense band appears in the 
250-275-nm range. Conjugation outside the benzene ring leads to absorptions at other 


wavelengths. 


The use of sunscreens in recent years has increased due to 
heightened concern over the risk of skin cancer and other 
conditions caused by exposure to UV radiation. In DNA, for 
example, UV radiation can cause 
adjacent thymine bases to form 
mutagenic dimers. Sunscreens 
afford protection from UV radia- 
tion because they contain aro- 
matic molecules that absorb 
energy in the UV region of the 
electromagnetic spectrum. 
Absorption of UV radiation by 
these molecules promotes т 
and nonbonding electrons to 
higher energy levels (Section 
13.9C), after which the energy is 
dissipated by relaxation through 
molecular vibration. In essence, 
the UV radiation is converted to 
heat (IR radiation). 

Sunscreens are classified 
according to the portion of the 
UV spectrum where their maxi- 
mum absorption occurs. Three 
regions of the UV spectrum are 


A UV-A and UV-B sunscreen 


product whose active 
ingredients are octyl 
4-methoxycinnamate and 
2-hydroxy-4-methoxy- 
benzophenone 
(oxybenzone). 


MeN 


Octyl 4-N,N-dimethylaminobenzoate 
(Padimate O), A max 310 nm 
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Sunscreens (Catching the Sun's Rays and What Happens to Them) 


typically discussed. The region from 320 to 400 nm is called 
UV-A, the region from 280 to 320 nm is called UV-B, and the 
region from 100 to 280 nm is called UV-C. The UV-C region 
is potentially the most dangerous because it encompasses 
the shortest UV wavelengths and is therefore of the highest 
energy. However, ozone and other components in Earth's 
atmosphere absorb UV-C wavelengths, and thus we are pro- 
tected from radiation in this part of the spectrum so long as 
Earth's atmosphere is not compromised further by ozone- 
depleting pollutants. Most of the UV-A and some of the UV- 
B radiation passes through the atmosphere to reach us, and 
it is against these regions of the spectrum that sunscreens 
are formulated. Tanning and sunburn are caused by UV-B 
radiation. Risk of skin cancer is primarily associated with UV- 
B radiation, although some UV-A wavelengths may be 
important as well. 

The specific range of protection provided by a sunscreen 
depends on the structure of its UV-absorbing groups. Most 
sunscreens have structures derived from the following par- 
ent compounds: p-aminobenzoic acid (PABA), cinnamic acid 
(3-phenylpropenoic acid), benzophenone (diphenyl ketone), 
and salicylic acid (o-hydroxybenzoic acid). The structures and 
Amax for a few of the most common sunscreen agents are 
given below. The common theme among them is an aro- 
matic core in conjugation with other functional groups. 


О О 
во RUE vo^ 
MeO 


2-Ethylhexyl 4-methoxycinnamate 
(Parsol MCX), Anax 310 nm 


max 
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O 
NC 
O 
-— Д | aod 
Ox + OQ Q 
OMe oH H 


2-Hydroxy-4-methoxybenzophenone Homomenthyl salicylate 2-Ethylhexyl 2-cyano-3,3-diphenylacrylate 
(Oxybenzone), A,,,, 288 and 325 nm (Homosalate), A,,,, 309 nm (Octocrylene), A,,,, 310 nm 


max 


14.11E Mass Spectra of Aromatic Compounds 


The major ion in the mass spectrum of an alkyl-substituted benzene is often m/z 91 
(CgH&CH; ^), resulting from cleavage between the first and second carbons of the alkyl chain 
attached to the ring. The ion presumably originates as a benzylic cation that rearranges to 
a tropylium cation (C7H7*, Section 14.7D). Another ion frequently seen in mass spectra 
of monoalkylbenzene compounds is m/z 77, corresponding to CgHs5~. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are Ato 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the PL 
accompanying WileyPLUS course (www.wileyplus.com). 


( WILEY & Note to Instructors: Many of the homework problems are available for assignment ма Wiley PLUS, an online 
PLUS teaching and learning solution. 


NOMENCLATURE 
14.16 Write structural formulas for each of the following: 
(a) 3-Nitrobenzoic acid (g) 3-Chloro-1-ethoxybenzene (m) tert-Butylbenzene 
(b) p-Bromotoluene (h) p-Chlorobenzenesulfonic acid (n) p-Methylphenol 
(c) o-Dibromobenzene (i) Methyl p-toluenesulfonate (0) p-Bromoacetophenone 
(d) m-Dinitrobenzene (j) Benzyl bromide (p) 3-Phenylcyclohexanol 
(e) 3,5-Dinitrophenol (k) p-Nitroaniline (q) 2-Methyl-3-phenyl-1-butanol 
(f) p-Nitrobenzoic acid (I) o-Xylene (r) o-Chloroanisole 


14.17 Write structural formulas and give acceptable names for all representatives of the following: 
(a) Tribromobenzenes (c) Nitroanilines (e) Isomers of CgH5— С4Но 
(b) Dichlorophenols (d) Methylbenzenesulfonic acids 
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AROMATICITY 
14.18 Which of the following molecules would you expect to be aromatic? 
(a) + (e)  N—. @ + 
» Cc 
/ 
C N 
b 
b 
(b) ' D | | 
N G 
L | 
(© LO (g) 


@ [1 (p. Ф .s 
L 3 È 


14.19 Use the polygon-and-circle method to draw an orbital diagram for each of the following compounds. 


@ ps. ep. 


14.20 Write the structure of the product formed when each of the following compounds reacts with one molar equiva- 


lent of HCI. 
S on HCI (1 equiv.) TH 
у equiv. ^N \ 
i SS HCI (1 equiv.) 
СНз = 
2 Ñ 
N 
I 


14.21 Which of the hydrogen atoms shown below is more acidic? Explain your answer. 


H H 


» 


A B 


14.22 The rings below are joined by a double bond that undergoes cis-trans isomerization much more readily than the 
bond of a typical alkene. Provide an explanation. 


<I - 00 


14.23 


14.24 


14.25 


14.26 


14.27 


14.28 


14.29 
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Although Hückel's rule (Section 14.7) strictly applies only to monocyclic compounds, it does appear to have appli- 
cation to certain bicyclic compounds, if one assumes use of resonance structures involving only the perimeter dou- 
ble bonds, as shown with one resonance contributor for naphthalene below. 


Pon. 


Both naphthalene (Section 14.8A) and azulene (Section 14.8B) have 10 т electrons and are aromatic. Pentalene 
(below) is apparently antiaromatic and is unstable even at — 100?C. Heptalene has been made but it adds bromine, 
it reacts with acids, and it is not planar. Is Hückel's rule applicable to these compounds? If so, explain their lack 


of aromaticity. 


Pentalene Heptalene 


(a) In 1960 T. Katz (Columbia University) showed that cyclooctatetraene adds two electrons when treated with 
potassium metal and forms a stable, planar dianion, CgHg^ (as the dipotassium salt): 


2 equiv. K 


A: 2 K+ C,H,2- 


Use the molecular orbital diagram given in Fig. 14.7 and explain this result. 


(b) In 1964 Katz also showed that removing two protons from the compound below (using butyllithium as the base) 
leads to the formation of a stable dianion with the formula CgHg?- (as the dilithium salt). 


OL 284, әр CHA 


Propose a reasonable structure for the product and explain why it is stable. 


Although none of the [10]annulenes given in Section 14.7B is aromatic, the following 10 zr-electron system is aromatic: 


What factor makes this possible? 


Cycloheptatrienone (1) is very stable. Cyclopentadienone (П) by contrast is quite unstable O 
and rapidly undergoes a Diels—Alder reaction with itself. O 
(a) Propose an explanation for the different stabilities of these two compounds. G 
(b) Write the structure of the Diels-Alder adduct of cyclopentadienone. 

I II 


5-Chloro-1,3-cyclopentadiene (below) undergoes Sy1 solvolysis in the presence of silver ion extremely slowly even 
though the chlorine is doubly allylic and allylic halides normally ionize readily (Section 15.15). Provide an expla- 


nation for this behavior. 
D= 


Explain the following: (a) Cyclononatetraenyl anion is planar (in spite of the angle strain involved) and appears to 
be aromatic. (b) Although [16]annulene is not aromatic, it adds two electrons readily to form an aromatic dianion. 


Furan possesses less aromatic character than benzene as measured by their resonance energies (96 kJ тој“ ! for 
furan; 151 kJ mol`! for benzene). What reaction have we studied earlier that shows that furan is less aromatic than 
benzene and can react in a way characteristic of some dienes? 
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14.30 


14.31 
14.32 


14.33 
14.34 


14.35 


14.36 


14.37 


14.38 
14.39 
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SPECTROSCOPY AND STRUCTURE ELUCIDATION 


For each of the pairs below, predict specific aspects in their 'H NMR spectra that would allow you to distinguish 
one compound from the other. 


(a) О (c) 
Br 


С^ 
Js 


Pie 


(b) 
о 


Assign structures to each of ће compounds А, B, and C whose 'H NMR spectra are shown in Fig. 14.27. 


The 'H NMR spectrum of cyclooctatetraene consists of a single line located at 8 5.78. What does the location of 
this signal suggest about electron delocalization in cyclooctatetraene? 


Give a structure for compound F that is consistent with the 'H NMR and IR spectra in Fig. 14.28. 


A compound (L) with the molecular formula CgH46 reacts with bromine in carbon tetrachloride and gives an IR 
absorption spectrum that includes the following absorption peaks: 3035 cm (т), 3020 ст“ !(m), 2925 cm (по), 
2853 ст !(w), 1640 ст ! (m), 990 ст“ (5), 915 ст (5), 740 cm (5), 695 ст (s). The 'H NMR spectrum of 
L consists of: 


Doublet 6 3.1 (2H) Multiplet 6 5.1 Multiplet ô 7.1 (5H) 
Multiplet 6 4.8 Multiplet 6 5.8 


The UV spectrum shows a maximum at 255 nm. Propose a structure for compound L and make assignments for 
each of the IR peaks. 


Compound M has the molecular formula CgH45. The 'H NMR spectrum of M is given in Fig. 14.29 and the IR 
spectrum in Fig. 14.30. Propose a structure for M. 


A compound (N) with the molecular formula CgH490 reacts with osmium tetroxide. The 'H NMR spectrum of N 
is shown in Fig. 14.31 and the IR spectrum of N is shown in Fig. 14.32. Propose a structure for N. 


The IR and 'H NMR spectra for compound X (CgH1ọ) are given in Fig. 14.33. Propose a structure for compound 
X. 


The IR and 'H NMR spectra of compound Y (CgH;20) are given in Fig. 14.34. Propose a structure for Y. 


(a) How many signals would you expect to find in the 'H NMR spectrum of caffeine? 


О CH, 
НС. "| 
N 
PE 
О | N 
CH, 
Caffeine 


(b) What characteristic peaks would you expect to find in the IR spectrum of caffeine? 
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A, Сон; 2 


TMS 
30 28 14 12 Ка 
Д А 
1 П 1 П EM П П | П | П 1 П 1 П | 
8 7 6 4 3 2 1 0 
ӧн (ppm) 
B, CgH,,N 
TMS 
4.2 4.0 1 1.4 1.2 
| rit 1 aacra pauca |, ла.л1л.ла ла]. | Lud | 1 it 1 | П | 
8 7 6 5 4 3 2 1 0 
ӧн (ppm) 
C, Сон о 
TMS 
T T 
3.0 2.8 2.2 2.0 
АА 1 34h. ~ 
1 П | П | Li Li | П | П 1 | П : а | П 1 
8 7 6 4 3 2 1 0 
ӧн (ppm) 


Figure 14.27 The 300-MHz 'H NMR spectra for Problem 14.31. Expansions of the signals are 


shown in the offset plots. 
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Figure 14.28 The 300-MHz 'H NMR and IR spectra of compound F, Problem 14.33. Expansions of the 
signals are shown in the offset plots. IR spectra, SDBSWeb: http://riodb01.ibase.aist.go.jp/sdbs/ 
(National Institute of Advanced Industrial Science and Technology, September 24, 2009) 


TMS 
| 27 2.5 1.5 1.3 


8 7 6 5 


4 
ӧн (ppm) 


Figure 14.29 The 300-MHz 'H NMR spectrum of compound M, Problem 14.35. Expansions of the 
signals are shown in the offset plots. 
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100 = 
90 4 
80 4 
70 4 
60 4 
50 5 
40 4 M, Сән; 
30 4 
20 5 
104 


0 
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Wavenumber (стг) 


Transmittance (96) 


Figure 14.30 The IR spectrum of compound M, Problem 14.35. 


N, Сон, 00 


7.6 7.4 7.2 7.0 6.2 6.0 5.2 5.0 


T | | TMS 


8 7 6 5 4 3 2 1 0 
бн (ppm) 


Figure 14.31 The 300-MHz 1H NMR spectrum of compound N, Problem 14.36. Expansions of the 
signals are shown in the offset plots. 
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Figure 14.32 The IR spectrum of compound N, Problem 14.36. 
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Figure 14.33 The IR and 300-MHz 'H NMR spectra of compound X, Problem 14.37. Expansions 
of the signals are shown in the offset plots. 
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Figure 14.34 The IR and 300-MHz Н NMR spectra (next page) of compound Y, Problem 14.38. 
Expansions of the signals are shown in the offset plots. 
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Y, Сон 0 


M. bx 


8 


46 44 hr 18 1| 09 os|- Ш | 


бн (ppm) 


Figure 14.34 (Continued) 


14.40 


14.41 


14.42 


Challenge Problems 


Given the following information, predict the appearance of the 'H NMR spectrum aris- Oy 
ing from the vinyl hydrogen atoms of p-chlorostyrene. Deshielding by the induced (b) 
magnetic field of the ring is greatest at proton c (ô 6.7) and is least at proton b (ô 5.3). Sus H 


The chemical shift of a is about 6 5.7. The coupling constants have the following 
approximate magnitudes: Ј« = 18 Hz, Jy. = 11 Hz, and љ = 2 Hz. (These cou- 
pling constants are typical of those given by vinylic systems: Coupling constants for 
trans hydrogen atoms are larger than those for cis hydrogen atoms, and coupling con- 
stants for geminal vinylic hydrogen atoms are very small.) 


CI 


Consider these reactions: 


CI " t-BuOK > A HBr E 
—— > 
-KCI —tBuOH 


The intermediate A is a covalently bonded compound that has typical 'H NMR signals for aromatic ring hydro- 
gens and only one additional signal at 6 1.21, with an area ratio of 5:3, respectively. Final product B is ionic and 
has only aromatic hydrogen signals. 

What are the structures of A and B? 


The final product of this sequence, D, is an orange, crystalline solid melting at 174?C and having molecular weight 186: 


Cyclopentadiene + Na — C + H2 
2 C + FeCl — D + 2 NaCl 


In its 'H and ‘SC NMR spectra, product D shows only one kind of hydrogen and only one kind of carbon, 
respectively. 

Draw the structure of C and make a structural suggestion as to how the high degree of symmetry of D can be 
explained. (D belongs to a group of compounds named after something you might get at a deli for lunch.) 
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Compound E has the spectral features given below. What is its structure? 
MS (m/z): M? 202 

IR (ст !): 3030-3080, 2150 (very weak), 1600, 1490, 760, and 690 

1H NMR (8): narrow multiplet centered at 7.34 

UV (nm): 287 (e = 25,000), 305 (e = 36,000), and 326 (e = 33,000) 


Draw all of the 7 molecular orbitals for (3£)-1,3,5-hexatriene, order them from lowest to highest in energy, and 
indicate the number of electrons that would be found in each in the ground state for the molecule. After doing so, 
open the computer molecular model for (3£)-1,3,5-hexatriene and display the calculated molecular orbitals. How 
well does the appearance and sequence of the orbitals you drew (e.g., number of nodes, overall symmetry of each, 
etc.) compare with the orbitals in the calculated model? Are the same orbitals populated with electrons in your 
analysis as in the calculated model? 


Learning Group Problems 


1. 


Write mechanism arrows for the following step in the chemical synthesis by A. Robertson and R. Robinson (J. 
Chem. Soc. 1928, 1455—1472) of callistephin chloride, a red flower pigment from the purple-red aster. Explain why 
this transformation is a reasonable process. 


OAc OAc 


HCI 
— 


Callistephin chloride 


The following reaction sequence was used by E. J. Corey (J. Am. Chem. Soc. 1969, 91, 5675—5677) at the begin- 
ning of a synthesis of prostaglandin Ро and prostaglandin E>. Explain what is involved in this reaction and why it 


is a reasonable process. 
(J (1) strong base 
Í 
(2) с "OCHs 


The 'H NMR signals for the aromatic hydrogens of methyl p-hydroxybenzoate appear as two doublets at approx- 
imately 7.05 and 8.04 ppm (6). Assign these two doublets to the respective hydrogens that produce each signal. 
Justify your assignments using arguments of relative electron density based on contributing resonance structures. 


О 


OCHs 


OCH, 


HO 


Draw the structure of adenine, a heterocyclic aromatic compound incorporated in the structure of DNA. Identify 
the nonbonding electron pairs that are not part of the aromatic system in the rings of adenine. Which nitrogen atoms 
in the rings would you expect to be more basic and which should be less basic? 


Draw structures of the nicotinamide ring in NADH and МАР“. In the transformation of NADH to МАР“, in what 
form must a hydrogen be transferred in order to produce the aromatic pyridinium ion in NAD*? 


Ww 
m 
о 
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Concept Map 
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Reactions of Aromatic 
Compounds 


Thyroxine 


Thyroxine (see the model above ) is an aromatic compound and a key hormone that raises metabolic rate. Low 
levels of thyroxine (hypothyroidism) can lead to obesity, lethargy, and an enlarged thyroid gland (goiter). The 
thyroid gland makes thyroxine from iodine and tyrosine, which are two essential components of our diet. Most 
of us obtain iodine from iodized salt, but iodine is also found in products derived from seaweed, like the kelp 
shown above. An abnormal level of thyroxine is a relatively common malady, however. Fortunately, low levels 
of thyroxine are easily corrected by hormone supplements. After we study a new class of reaction in this chap- 
ter called electrophilic aromatic substitution, we shall return to see how that reaction is related to thyroxine in 
"The Chemistry of . . . lodine Incorporation in Thyroxine Biosynthesis.” 
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15.1 Electrophilic Aromatic Substitution Reactions 


Some of the most important reactions of aromatic compounds are those in which an elec- 
trophile replaces one of the hydrogen atoms of the ring. 


(E—A is an electrophilic reactant) 


These reactions, called electrophilic aromatic substitutions (EAS), allow the direct intro- 
duction of groups onto aromatic rings such as benzene, and they provide synthetic routes 
to many important compounds. Figure 15.1 outlines five different types of electrophilic 
aromatic substitutions that we will study in this chapter, including carbon-carbon bond- 
forming reactions and halogenations. 


X 
СУ Halogenation (Section 15.3) 
NO, 
X,, FeX, СУ Nitration (Section 15.4) 
(X = Cl, Br) 


HNO; 
„бао, SO,H 
3 


O Зи or Sulfonation (Section 15.5) 


RCI, AICI, 


R 
PAL СУ Friedel-Crafts alkylation (Sections 15.6 and 15.8) 
о 
R А : 
Friedel-Crafts acylation (Sections 15.7 and 15.9) Figure 15.1 Electrophilic 
aromatic substitution reactions. 


A noteworthy example of electrophilic aromatic substitution in nature, as mentioned 
above, is biosynthesis of the thyroid hormone thyroxine, where iodine is incorporated into 
benzene rings that are derived from tyrosine. 


O | О 
HO | 
(од —— o- 
— 
NH,* < NH3* 
HO | O 
| 
Тугозте Thyroxine 
(a dietary amino acid) (a thyroid hormone) 


In the next section we shall learn the general mechanism for the way an electrophile 
reacts with a benzene ring. Then in Sections 15.3—15.7 we shall see specific examples of 
electrophiles and how each is formed in a reaction mixture. 
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15.2 A General Mechanism for Electrophilic Aromatic Substitution 


Ae pfu Hint , 


Resonance structures 
(like those used here 
for the arenium ion) will 
be important for our 
study of electrophilic 
aromatic substitution. 


Figure 15.2 A calculated structure for the arenium ion intermediate 
formed by electrophilic addition of bromine to benzene (Section 
15.3). The electrostatic potential map for the principal location of 
bonding electrons (indicated by the solid surface) shows that positive 
charge (blue) resides primarily at the ortho and para carbons relative 
to the carbon where the electrophile has bonded. This distribution of 
charge is consistent with the resonance model for an arenium ion. 
(The van der Waals surface is indicated by the wire mesh.) 


The 7r electrons of benzene react with strong electrophiles. In this respect, benzene has 
something in common with alkenes. When an alkene reacts with an electrophile, as in the 
addition of HBr (Section 8.2), electrons from the alkene 7 bond react with the electrophile, 
leading to a carbocation intermediate. 


H 
M XA = y» + Be 


Alkene Electrophile Carbocation 


The carbocation formed from the alkene then reacts with the nucleophilic bromide ion to 
form the addition product. 


“HON, :Вг: H 
PA + + 


Carbocation Addition product 


The similarity of benzene reactivity with that of an alkene ends, however, at the carboca- 
tion stage, prior to nucleophilic attack. As we saw in Chapter 14, benzene's closed shell of 
six 7 electrons give it special stability. 


€ Although benzene is susceptible to electrophilic attack, it undergoes substitution 
reactions rather than addition reactions. 


Substitution reactions allow the aromatic sextet of 7 electrons in benzene to be regener- 
ated after attack by the electrophile. We can see how this happens if we examine a general 
mechanism for electrophilic aromatic substitution. 

Experimental evidence indicates that electrophiles attack the 7r system of benzene to form 
a nonaromatic cyclohexadienyl carbocation known as an arenium ion. In showing this 
step, it is convenient to use Kekulé structures, because these make it much easier to keep 
track of the 7 electrons: 


a+ Ao + UE E E 
C RO 
Step 1 — Н <> Н < Н + АҒ 
+ + 


Arenium ion 
(a delocalized cyclohexadienyl cation) 


© In step 1 the electrophile takes two electrons of the six-electron т system to form aa 
bond to one carbon atom of the benzene ring. 


Formation of this bond interrupts the cyclic system of 7 electrons, because in the formation of 
the arenium ion the carbon that forms a bond to the electrophile becomes sp? hybridized and, 
therefore, no longer has an available p orbital. Now only five carbon atoms of the ring are sp? 
hybridized and still have p orbitals. The four 7 electrons of the arenium ion are delocalized 
through these five p orbitals. A calculated electrostatic potential map for the arenium ion formed 
by electrophilic addition of bromine to benzene indicates that positive charge is distributed in 
the arenium ion ring (Fig. 15.2), just as was shown in the contributing resonance structures. 


15.2 A General Mechanism for Electrophilic Aromatic Substitution 


@ In step 2 a proton is removed from the carbon atom of the arenium ion that bears 
the electrophile, restoring aromaticity to the ring. 


+ E 


Step 2 H 


La 


— 


+ H—A 


The two electrons that bonded the proton to the ring become a part of the 7 system. The 
carbon atom that bears the electrophile becomes sp? hybridized again, and a benzene deriv- 
ative with six fully delocalized т electrons is formed. (The proton is removed by any of 
the bases present, for example, by the anion derived from the electrophile.) 


Show how loss of a proton can be represented using each of the three resonance structures 
for the arenium ion and show how each representation leads to the formation of a benzene 
ring with three alternating double bonds (1.е., six fully delocalized т electrons). 


Kekulé structures are more appropriate for writing mechanisms such as electrophilic aro- 
matic substitution because they permit the use of resonance theory, which, as we shall soon 
see, is invaluable as an aid to our understanding. If, for brevity, however, we wish to show 
the mechanism using the hybrid formula for benzene we can do it in the following way. 
We draw the arenium ion as a delocalized cyclohexadienyl cation: 


& E 
+ E—A — Су + :А- 
m m 


Arenium ion 


E 


Step 1 


+ E 


Step 2 H —> 
ô+ i 
А“ 


There is firm experimental evidence that the arenium ion is a true intermediate in elec- 
trophilic substitution reactions. It is not a transition state. This means that in a free-energy 
diagram (Fig. 15.3) the arenium ion lies in an energy valley between two transition states. 

The free energy of activation for step 1, АС) has been shown to be much greater than 
the free energy of activation for step 2, АСЂ). This is consistent with what we would expect. 


* H—A 


K— Step 1 ——————— — —4————— Step 2 ——— — ———3 


Reaction coordinate 
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Review Problem 15.1 


Helpful Hint 


In our color scheme for chemical 
formulas, blue generally indicates 
groups that are electrophilic or 
have electron-withdrawing 
character. Red indicates groups 
that are or become Lewis bases, or 
have electron-donating character. 


Figure 15.3 The free-energy 
diagram for an electrophilic 
aromatic substitution reaction. 
The arenium ion is a true 
intermediate lying between 
transition states 1 and 2. In 
transition state 1 the bond 
between the electrophile and 
one carbon atom of the benzene 
ring is only partially formed. In 
transition state 2 the bond 
between the same benzene 
carbon atom and its hydrogen 
atom is partially broken. The 
bond between the hydrogen 
atom and the conjugate base 
is partially formed. 
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The reaction leading from benzene and an electrophile to the arenium ion is highly endother- 
mic, because the aromatic stability of the benzene ring is lost. The reaction leading from 
the arenium ion to the substituted benzene, by contrast, is highly exothermic because it 
restores aromaticity to the system. 

Of the following two steps, step 1 (the formation of the arenium ion) is usually the rate- 
determining step in electrophilic aromatic substitution because of its higher free energy of 
activation: 


5+ 
Step 1 Q + E—A — + :А- Slow, rate determining 
6+ ô+ 
H E 


Step 2, the removal of a proton, occurs rapidly relative to step 1 and has no effect on the 
overall rate of reaction. 


15.3 Halogenation of Benzene 


Benzene reacts with bromine and chlorine in the presence of Lewis acids to give halogenated 
substitution products in good yield. 


cl 
(J+ 0 & СУ + HCl 


Chlorobenzene (90%) 


Br 
+ Br FeBr, + HBr 
2 heat 
Bromobenzene (75%) 


The Lewis acids typically used are aluminum chloride (AICI) and iron chloride (FeCl3) 
for chlorination, and iron bromide (FeBr3) for bromination. The purpose of the Lewis acid 
is to make the halogen a stronger electrophile. A mechanism for electrophilic aromatic 
bromination is shown here. 


A MECHANISM FOR THE REACTION 


Electrophilic Aromatic Bromination 


с 
Step 1 :Вг—Вг: “+ — FeBr, = :Br—Br—FeBr, 


Bromine combines with FeBr, to form a complex. 
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B [AES "E 
Br: Br: Br: 
NEN 3 3 3 
Step 2 :BrCBr—FeBr, JP", GI == ey == О; + ЕеВг; 
Nut .. "m dt + 


Arenium ion 


15.4 Nitration of Benzene 


Helpful Hint ^ The benzene ring donates an electron pair to the terminal bromine, forming the 
An electrostatic potential arenium ion and neutralizing the formal positive charge on the other bromine. 
map for this arenium ion is 

shown in Fig. 15.2. 


Be " 
3r: Br: 
Step 3 . ‘Bt Fepr, => Cy + H—Br: + FeBr 


A proton is removed from the arenium ion to form bromobenzene 
and regenerate the catalyst. 


The mechanism of the chlorination of benzene in the presence of ferric chloride is anal- 
ogous to the one for bromination. 

Fluorine reacts so rapidly with benzene that aromatic fluorination requires special con- 
ditions and special types of apparatus. Even then, it is difficult to limit the reaction to mono- 
fluorination. Fluorobenzene can be made, however, by an indirect method that we shall see 
in Section 20.7D. 

Iodine, on the other hand, is so unreactive that a special technique has to be used to effect 
direct iodination; the reaction has to be carried out in the presence of an oxidizing agent 
such as nitric acid: 


HNO, 
І, 


86% 


Biochemical iodination, as in ће biosynthesis of thyroxine, occurs with enzymatic catal- 
ysis. Thyroxine biosynthesis is discussed further in “The Chemistry of ... Iodine 
Incorporation in Thyroxine Biosynthesis" box in Section 15.11E. 


15.4 Nitration of Benzene 


Benzene undergoes nitration on reaction with a mixture of concentrated nitric acid and con- 
centrated sulfuric acid. 


NO, 


+ HNO, + H;SO, + ЊО" + HSO; 


> 
50-55°С 
85% 


Concentrated sulfuric acid increases the rate of the reaction by increasing the сопсеп- 
tration of the electrophile, the nitronium ion (NO2*), as shown in the first two steps of the 
following mechanism. 


Step 1 


Step 2 


Step 3 


Step 4 
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A MECHANISM FOR THE REACTION 


Nitration of Benzene 


О: H О: 
CM a | IE 
HO;SO—H + H—O— \ === Qe t 21550 
(н:80/) e о 
In this step nitric acid accepts а proton from the stronger acid, sulfuric acid. 


о: 
| l 
Hos: Қ == но + m" 
(5. 0. 


Nitronium ion 
Now that it is protonated, nitric acid can dissociate to form a nitronium ion. 


F = Ge- oh ~ С 
+ + 
O. 


Arenium ion 


The nitronium ion is the electrophile in nitration; it reacts with benzene to form a 
resonance-stabilized arenium ion. 


+ П O—H 


A = 
| ne ge 

NO, + H => + | 

H 


The arenium ion then loses a proton to a Lewis base and becomes nitrobenzene. 


Review Problem 15.2 Given that the pK, of H9SO, is —9 and that of HNOs is — 1.4, explain why nitration occurs 


more rapidly in a mixture of concentrated nitric and sulfuric acids than in concentrated nitric 
acid alone. 


15.5 Sulfonation of Benzene 


Benzene reacts with fuming sulfuric acid at room temperature to produce benzenesulfonic 
acid. Fuming sulfuric acid is sulfuric acid that contains added sulfur trioxide (508). 
Sulfonation also takes place in concentrated sulfuric acid alone, but more slowly. Under 
either condition, the electrophile appears to be sulfur trioxide. 


T b 
re S — ERE S—O—H 
C) 'O^ o c CO à 
е Ј d 


concd H;SO, 


и Benzenesulfonic acid 
(56%) 
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15.5 Sulfonation of Benzene 


In concentrated sulfuric acid, sulfur trioxide is produced in an equilibrium in which H2804 
acts as both an acid and a base (see step 1 of the following mechanism). 


A MECHANISM FOR THE REACTION 


Sulfonation of Benzene 


2 HSQ, === 50, + H4O* + HSO,- 
This equilibrium produces SO, in concentrated H,SO,. 


"o S d 
| BLL 
— d со А <—> other resonance structures 
ep i 5 


SO, is the electrophile that reacts with benzene to form ап arenium ion. 


= Sone 
S fast T Е 
Step 3 RSO F No ==== T о: = #50 
Е 


A proton is removed from the arenium ion to form the ота іоп. 


fot бој 
Step 4 ПОЗЕ 2 fast 1 .. 
Te 
0. H 0. 


The benzenesulfonate ion accepts а proton to become benzenesulfonic acid. 


Step 1 


All of the steps in sulfonation are equilibria, which means that the overall reaction is 
reversible. The position of equilibrium can be influenced by the conditions we employ. 


SO,H 
© + нво, = Cy + Ho 


© If we want to sulfonate the ring (install a sulfonic acid group), we use concentrated 
sulfuric acid or—better yet—fuming sulfuric acid. Under these conditions the posi- 
tion of equilibrium lies appreciably to the right, and we obtain benzenesulfonic 
acid in good yield. 


© If we want to desulfonate the ring (remove a sulfonic acid group), we employ 
dilute sulfuric acid and usually pass steam through the mixture. Under these 
conditions—with a high concentration of water—the equilibrium lies appreciably 
to the left and desulfonation occurs. 


We shall see later that sulfonation and desulfonation reactions are often used in 
synthetic work. 


@ We sometimes install a sulfonate group as a protecting group, to temporarily He Ipful Hint 
. ... EM . . . . А ue 
block its position from electrophilic aromatic substitution, or as a directing group, NOU MUR 
to influence the position of another substitution relative to it (Section 15.10). useful tool in syntheses involving 
When it is no longer needed we remove the sulfonate group. electrophilic aromatic substitution. 
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15.6 Friedel-Crafts Alkylation 


Charles Friedel, a French chemist, and his American collaborator, James M. Crafts, dis- 
covered new methods for the preparation of alkylbenzenes (ArR) and acylbenzenes (ArCOR) 
in 1877. These reactions are now called the Friedel-Crafts alkylation and acylation reac- 
tions. We shall study the Friedel-Crafts alkylation reaction here and take up the 
Friedel-Crafts acylation reaction in Section 15.7. 


@ The following is a general equation for a Friedel-Crafts alkylation reaction: 


R 
(x T + HX 


@ The mechanism for the reaction starts with the formation of a carbocation. 


@ The carbocation then acts as an electrophile and attacks the benzene ring to form 
an arenium ion. 


@ The arenium ion then loses a proton. 


This mechanism is illustrated below using 2-chloropropane and benzene. 


A MECHANISM FOR THE REACTION 


Friedel-Crafts alkylation 


T : E 8 | Д 
+ 
Step 1 Cl С: a Б ји = > + :CI—AI—CI: 
:Cl Cl: | | 
= z „С: :Cl: 
This is a Lewis acid-base ere б z 
reaction (see Section 3). The complex dissociates to form a carbocation and AICI, . 


de p a a 
H 2 С 
Step 2 — + :CiI—Al—C: = 4E due se ., AA a 
d (SN Ses CI g: 
“Cl: z = 


The carbocation, acting 


as an electrophile, A proton is removed from the arenium 
reacts with benzene to ion to form isopropylbenzene. This step 
produce an arenium ion. also regenerates the AICI, and liberates HCI. 


@ When R — X is a primary halide, a simple carbocation probably does not form. 
Instead, the aluminum chloride forms a complex with the alkyl halide, and this 
complex acts as the electrophile. 


The complex is one in which the carbon-halogen bond is nearly broken—and one in which 
the carbon atom has a considerable positive charge: 
ô+ .. 6– 
RCH% ---- CI: Al Cla 


Even though this complex is not a simple carbocation, it acts as if it were and it transfers 
a positive alkyl group to the aromatic ring. 


@ These complexes react so much like carbocations that they also undergo typical 
carbocation rearrangements (Section 15.8). 


ө Friedel-Crafts alkylations are not restricted to the use of alkyl halides and alu- 
minum chloride. Other pairs of reagents that form carbocations (or species like 
carbocations) may be used in Friedel-Crafts alkylations as well. 


15.7 Friedel-Crafts Acylation 


These possibilities include the use of a mixture of an alkene and an acid: 


WEE M om 


Propene Isopropylbenzene (cumene) 


(84%) 
HF 
Cyclohexene Cyclohexylbenzene 
(62%) 


A mixture of an alcohol and an acid may also be used: 


BF, 
+ HO Soo + H,O 


Cyclohexanol Cyclohexylbenzene 
(56%) 


There are several important limitations of the Friedel-Crafts reaction. These are discussed 
in Section 15.8. 


Outline all steps in a reasonable mechanism for the formation of isopropylbenzene from 
propene and benzene in liquid HF (just shown). Your mechanism must account for the prod- 
uct being isopropylbenzene, not propylbenzene. 


О 


Тће m group is called an acyl group, and a reaction whereby an acyl group is intro- 
duced into a compound is called an acylation reaction. Two common acyl groups are the 
acetyl group and the benzoyl group. (The benzoyl group should not be confused with the 
benzyl group, — CH2CgHs; see Section 14.2.) 


Aoc 


Acetyl group Benzoyl 
(ethanoyl group) group 


The Friedel-Crafts acylation reaction is often carried out by treating the aromatic com- 
pound with an acyl halide (often an acyl chloride). Unless the aromatic compound is one 
that is highly reactive, the reaction requires the addition of at least one equivalent of a Lewis 
acid (such as АІСІз) as well. The product of the reaction is an aryl ketone: 


о 
о 
AICI 
Ф A MG. + на 
Cl excess 
benzene, 
80°C 
Acetyl Acetophenone 
chloride (methyl phenyl ketone) 


(9796) 
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Review Problem 15.3 


15.7 Friedel-Crafts Acylation 
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Acyl chlorides, also called acid chlorides, are easily prepared (Section 18.5) by treat- 
ing carboxylic acids with thionyl chloride (SOCI2) or phosphorus pentachloride (PCls): 


о о 
os + 800, = As + 80, + HCI 

Acetic Thionyl Acetyl 

acid chloride chloride 

(80-90%) 

о о 

cre + PC — CY + POCI, + HCI 
Benzoic Phosphorus Benzoyl 
acid pentachloride chloride 
(90%) 
Friedel-Crafts acylations can also be carried out using carboxylic acid anhydrides. For 
example, 
о о 
ak Д. AlCl aW 
+ 
© О ехсеѕѕ excess benzene, OH 
80°C 
Acetic anhydride Acetophenone 
(a carboxylic acid (82-85%) 
anhydride) 


In most Friedel-Crafts acylations the electrophile appears to be an acylium ion formed 
from an acyl halide in the following way: 


acta, — ah 


Step 1 + "AIC, == R^ GAC 


10 


LY с - 
Step 2 R^ (GGI—Alcl, == в—=0' < в-=0: + AICI, 


An acylium ion 
(a resonance hybrid) 


Solved Problem 15.1 


Show how an acylium ion could be formed from acetic anhydride in the presence of AICla. 


STRATEGY AND ANSWER We recognize that АІСІз is a Lewis acid and that an acid anhydride, because it has 
multiple unshared electron pairs, is a Lewis base. A reasonable mechanism starts with a Lewis acid-base reaction 
and proceeds to form an acylium ion in the following way. 


JR 1 AIC, == ( — = D Aic 
Dg = 3 
Ó са 


M 
-= Acylium ion 
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15.8 Limitations of Friedel-Crafts Reactions 


The remaining steps in the Friedel-Crafts acylation of benzene are the following: 


A MECHANISM FOR THE REACTION 


Friedel-Crafts Acylation 


j SS 
Step 3 Фр || = HSE other resonance structures 
o (draw them for practice) 
The acylium ion, acting as an electrophile, 
reacts with benzene to form the arenium ion. 


R ; R у 
+ Gl: a(elle 
oe ee "wo. | 
Step 4 Н = + <Cl_Al— Cr = = + HCl + . 2А ae 
p c d 4 :СІ СІ: 


A proton is removed from the arenium ion, forming the aryl ketone. 


R Cl: R 


| Cl: 
Unc n 
Sof. dr СЕЕ сева 


Step 5 


el: 
The ketone, acting as a Lewis base, reacts with 
aluminum chloride (a Lewis acid) to form a complex. 


R Б R x 
is T 
SUE L5 Su. 
Step 6 O—AI—Ck + 3H,0 == Оо JA. «E зна 
р = 1 | A 2 O~ He “ӧн 


Treating the complex with water liberates the ketone and hydrolyzes the Lewis acid. 


Several important synthetic applications of the Friedel-Crafts reaction are given in 
Section 15.9. 


15.8 Limitations of Friedel-Crafts Reactions 


Several restrictions limit the usefulness of Friedel-Crafts reactions: 


1. When the carbocation formed from an alkyl halide, alkene, or alcohol can 
rearrange to one or more carbocations that are more stable, it usually does so, 
and the major products obtained from the reaction are usually those from the 
more stable carbocations. 

When benzene is alkylated with butyl bromide, for example, some of the 
developing butyl cations rearrange by a hydride shift. Some of the developing 
1? carbocations (see following reactions) become more stable 2? carbocations. 
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Then benzene reacts with both kinds of carbocations to form both butylbenzene 
and sec-butylbenzene: 


H 


és IR 5 + 
Вг: АС, ИЕ а s SS 


Sy yr i (-BrAICI,-) 


© (—AICI,) © (-H*) 
(-HBr) 


о € 


Butylbenzene sec-Butylbenzene 
(32-36% of mixture) (64-68% of mixture) 


2. Friedel-Crafts reactions usually give poor yields when powerful electron-with- 
drawing groups (Section 15.11) are present on the aromatic ring or when the ring 
bears an —NHe, —NHR, ог —NR2 group. This applies to both alkylations and 
acylations. 


" о OH о, R 
NO, N(CH,), | i CF, SO,H NH, 


These usually give poor yields in 
Friedel-Crafts reactions. 


We shall learn in Section 15.10 that groups present on an aromatic ring can have a 
large effect on the reactivity of the ring toward electrophilic aromatic substitution. 
Electron-withdrawing groups make the ring less reactive by making it electron 
deficient. Any substituent more electron withdrawing (or deactivating) than a halo- 
gen, that is, any meta-directing group (Section 15.11C), makes an aromatic ring 
too electron deficient to undergo a Friedel-Crafts reaction. The amino groups, 
—NH», —NHR, and —NR,, are changed into powerful electron-withdrawing groups 
by the Lewis acids used to catalyze Friedel-Crafts reactions. For example, 


H 
я 
H—N—AICI, 
+ AIC —> 


Does not undergo 
a Friedel-Crafts reaction 


3. Aryl and vinylic halides cannot be used as the halide component because they 
do not form carbocations readily (see Section 6.14A): 


Cl 
СУ “AICI, 
© No Friedel-Crafts reaction 


because the halide is aryl 
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15.8 Limitations of Friedel-Crafts Reactions 
Cl 
C=C" „АС, 
"4 N No Friedel-Crafts reaction 
because the halide is vinylic 


4. Polyalkylations often occur. Alkyl groups are electron-releasing groups, and once 
one is introduced into the benzene ring, it activates the ring toward further substitu- 
tion (see Section 15.10): 


OH 
BF, 
(AE А 


Isopropyl- p-Diisopropylbenzene 
benzene (14%) 
(24%) 


Polyacylations are not a problem in Friedel-Crafts acylations, however. The acyl 
group (RCO—) by itself is an electron-withdrawing group, and when it forms a com- 
plex with AlCl; in the last step of the reaction (Section 15.7), it is made even more 
electron withdrawing. This strongly inhibits further substitution and makes mono- 
acylation easy. 


Solved Problem 15.2 


When benzene reacts with 1-chloro-2,2-dimethylpropane (neopentyl chloride) in the presence of aluminum chlo- 
ride, the major product is 2-methyl-2-phenylbutane, not 2,2-dimethyl-1-phenylpropane (neopentylbenzene). Explain 
this result. 


STRATEGY AND ANSWER The carbocation formed by direct reaction of AlCla with 1-chloro-2,2-dimethylpropane 
would be a primary carbocation; however, it rearranges to the more stable tertiary carbocation before it can react 
with the benzene ring. 


az 7998 Би = 
Cl: + AlCl == [261—АСІз methanide 
UA shift 
ga + Ald ———À а 


Provide а mechanism that accounts for the following result. Review Problem 15.4 


CO oom c CY CY 
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15.9 Synthetic Applications of Friedel-Crafts Acylations: 
The Clemmensen Reduction 


@ Rearrangements of the carbon chain do not occur in Friedel-Crafts acylations. 


The acylium ion, because it is stabilized by resonance, is more stable than most other car- 
bocations. Thus, there is no driving force for a rearrangement. Because rearrangements do 
not occur, Friedel-Crafts acylations followed by reduction of the carbonyl group to a CH2 
group often give us much better routes to unbranched alkylbenzenes than do Friedel-Crafts 
alkylations. 


@ The carbonyl group of an aryl ketone can be reduced to a CH2 group. 


O~ 


As an example, let us consider the problem of synthesizing propylbenzene. If we attempt 
this synthesis through a Friedel-Crafts alkylation, a rearrangement occurs and the major 
product is isopropylbenzene (see also Review Problem 15.4): 


Com ( 4 A 


Isopropylbenzene _ Propylbenzene 
(major product) (minor product) 


By contrast, the Friedel-Crafts acylation of benzene with propanoyl chloride produces a 
ketone with an unrearranged carbon chain in excellent yield: 


O 
O 
© xda sm, + HCI 
Propanoyl Ethyl phenyl ketone 
chloride (90%) 


This ketone can then be reduced to propylbenzene by several methods. One general 
method—called the Clemmensen reduction—consists of refluxing the ketone with 
hydrochloric acid containing amalgamated zinc. [Caution: As we shall discuss later (Section 
20.4B), zinc and 5. acid will also reduce nitro groups to amino groups.] 


Zn( . Zn(Hg) , 
“HCI, reflux” reflux 


Ethyl phenyl Propylbenzene 
ketone (80%) 


In general, 


Helpful Hint О 


Friedel-Crafts acylation followed 
by ketone reduction is the R Zn(Hg) R 
synthetic equivalent of CI, reflux" 
Friedel-Crafts alkylation. 
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15.10 Substituents Can Affect the Reactivity of the Ring 


When cyclic anhydrides are used as one component, the Friedel-Crafts acylation pro- 
vides a means of adding a new ring to an aromatic compound. One illustration is shown 
here. Note that only the ketone is reduced in the Clemmensen reduction step. The carboxylic 
acid is unaffected: 


AICI, | _2n(Hg), HCI ), HCI 
"(889)" reflux 
(83-90%) 


Benzene Succinic 3-Benzoylpropanoic acid 
(excess) anhydride 
SOCI, AICI, CS, 
——> 
80°C (74-91%) —9196) 
HO (79596) CI 
O O 
4-Phenylbutanoic 4-Phenylbutanoyl a-Tetralone 
acid chloride 
Starting with benzene and the appropriate acyl chloride or acid anhydride, outline a syn- Review Problem 15.5 
thesis of each of the following: 
(a) Butylbenzene (b) 
(c) [e (d) H H 
Benzophenone H H 


9,10-Dihydroanthracene 


15.10 Substituents Can Affect Both the Reactivity of the Ring 
and the Orientation of the Incoming Group 


A substituent group already present on a benzene ring can affect both the reactivity of the 
ring toward electrophilic substitution and the orientation that the incoming group takes on 
the ring. 


e A substituent can make the ring more reactive than benzene (i.e., it can make the 
compound react faster than benzene reacts). Such a group is called an activating 


group. 
e A substituent can make the ring less reactive than benzene (i.e., it can make the 


compound react more slowly than benzene reacts). Such groups are called deacti- 
vating groups. 
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15.10A How Do Substituents Affect Reactivity? 


Recall from Fig. 15.3 and Section 15.2 that the slow step in electrophilic aromatic substi- 
tution, the step that determines the overall rate of reaction, is the first step. In this step an 
electron-seeking reagent reacts by accepting an electron pair from the benzene ring. 


G G 
d E 
TE other 
(а = 
# E—-A — Н __—— resonance + A 
structures 
A substituted Electrophilic Arenium ion 
benzene reagent 


If a substituent that is already present on the ring makes the ring more electron rich by 
donating electrons to it, then the ring will be more reactive toward the electrophile and the 
reaction will take place faster. 


74 


If 2 donates electrons the ring is more 
electron rich and it reacts faster with 
an electrophile. 


On the other hand, if the substituent on the ring withdraws electrons, the ring will be 
electron poor and an electrophile will react with the ring more slowly. 
Y 


If Y withdraws electrons the ring is electron 
poor and it reacts more slowly with an electrophile. 


15.10B Ortho-Para-Directing Groups and Meta-Directing 
Groups 


A substituent on the ring can also affect the orientation that the incoming group takes when 
it replaces a hydrogen atom on the ring. Substituents fall into two general classes: 


€ Ortho-para directors predominantly direct the incoming group to a position 
ortho or para to itself. 


G G G 
E 
ЕА + + HA 
G is ап ortho-para E 
girectog Ortho Para 
product product 


€ Meta directors predominantly direct the incoming group to a position meta to itself. 


G G 
E 


G is a meta director. Meta product 


15.10 Substituents Can Affect the Reactivity of the Ring 


15.10C Electron-Donating and Electron-Withdrawing 
Substituents 

Whether a substituent is an activating group or a deactivating group, and whether it is an 
ortho-para director or a meta director, depends largely on whether the substituent donates 
electrons to the ring or whether it withdraws electrons. 


@ АП electron-donating groups are activating groups and all are ortho-para directors. 


€ With the exception of halogen substituents, all electron-withdrawing groups are 
deactivating groups and all are meta directors. 


e Halogen substituents are weakly deactivating groups and are ortho-para directors. 


faster, and at an ortho or more slowly, and at a meta 
para position. position (except when G is 
a halogen). 


15.10D Groups: Ortho-Para Directors 


9 Alkyl substituents аге electron-donating groups and they are activating groups. 
They are also ortho-para directors. 


Toluene, for example, reacts considerably faster than benzene in all electrophilic substitutions: 


CH, 
An activating 
group 


Toluene is more reactive than benzene 
toward electrophilic substitution. 


We observe the greater reactivity of toluene in several ways. We find, for example, that 
with toluene, milder conditions—lower temperatures and lower concentrations of the 
electrophile—can be used in electrophilic substitutions than with benzene. We also find 
that under the same conditions toluene reacts faster than benzene. In nitration, for exam- 
ple, toluene reacts 25 times as fast as benzene. 

We find, moreover, that when toluene undergoes electrophilic substitution, most of the 
substitution takes place at its ortho and para positions. When we nitrate toluene with nitric 
and sulfuric acids, we get mononitrotoluenes in the following relative proportions: 


CH, CH, CH, CH, 
NO, 
HNO. 
HSO, | i 
NO, 
NO 


2 
o-Nitrotoluene p-Nitrotoluene m-Nitrotoluene 
(59%) (37%) (4%) 


Of the mononitrotoluenes obtained from the reaction, 96% (59% + 37%) have the nitro 
group in an ortho or para position. Only 4% have the nitro group in a meta position. 


Explain how the percentages just given show that the methyl group exerts an ortho—para 
directive effect by considering the percentages that would be obtained if the methyl group 
had no effect on the orientation of the incoming electrophile. 
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Review Problem 15.6 
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2,4,6-Tribromoaniline 
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Predominant substitution of toluene at the ortho and para positions is not restricted to 
nitration reactions. The same behavior is observed in halogenation, sulfonation, and so forth. 


@ Groups that have an unshared electron pair on the atom attached to the aromatic 
ring, such as amino, hydroxyl, alkoxyl, and amides or esters with the oxygen or 


nitrogen directly bonded to the ring, are powerful activating groups and are strong 
ortho-para directors. 


Phenol and aniline react with bromine in water (no catalyst is required) at room tempera- 


ture to produce compounds in which both of the ortho positions and the para position 
become substituted. 


А :ÓH H 
Br Br Br Br 
Br, Br, 
H,O H,O 
Br Br 
2,4,6-Tribromoaniline 2,4,6-Tribromophenol 
(~100%) (~100%) 


@ In general, substituent groups with unshared electron pairs on the atom adjacent to 


the benzene ring (e.g., hydroxyl, amino) are stronger activating groups than groups 
without unshared electron pairs (1.е., alkyl groups). 


© Contribution of electron density to the benzene ring through resonance is generally 
stronger than through an inductive effect. 


As a corollary, even though amides and esters have an unshared electron pair on the atom 
adjacent to the ring, their activating effect is diminished because the carbonyl group pro- 
vides a resonance structure where electron density is directed away from the benzene ring. 
This makes amides and esters less activating than groups where the only resonance possi- 
bilities involve donation of electron density toward the benzene ring. 


Examples of arenium ion stabilization by resonance and inductive effects 


:OH +OH 
S 


H G H G 


Electron donation through resonance 


H G 


Electron donation through the inductive effect 


15.10 Substituents Can Affect the Reactivity of the Ring 695 
oO Or Ó WE 
Ry. R R 
DE “№ CR а 
| 
<—ә <—ә 
H G H G H G 


Electron donation to the ring by resonance is reduced when there is an alternative 
resonance pathway away from the ring. 


15.10E Deactivating Groups: Meta Directors 


@ The nitro group is a very strong deactivating group and, because of the combined 
electronegativities of the nitrogen and oxygen atoms, it is a powerful electron- 
withdrawing group. 


Nitrobenzene undergoes nitration at a rate only 1074 times that of benzene. The nitro group 
is a meta director. When nitrobenzene is nitrated with nitric and sulfuric acids, 9396 of 
the substitution occurs at the meta position: 


NO, NO, NO, NO, 
NO, 
HNO, 
"H0," У J 
NO, 
NO 


2 
6% 1% 93% 


@ The carboxyl group (—СО»Н), the sulfonic acid group (—SO3H), and the trifluo- 
romethyl group (— CF3) are also deactivating groups; they are also meta directors. 


15.10F Halo Substituents: Deactivating Ortho-Para Directors 


@ The chloro and bromo groups are ortho-para directors. However, even though they 
contain unshared electron pairs, they are deactivating toward electrophilic aromatic 
substitution because of the electronegative effect of the halogens. 


Chlorobenzene and bromobenzene, for example, undergo nitration at a rate approximately 
30 times slower than benzene. The relative percentages of monosubstituted products that 
are obtained when chlorobenzene is chlorinated, brominated, nitrated, or sulfonated are 
shown in Table 15.1. 


Electrophilic Substitutions of Chlorobenzene 


Ortho Para Total Ortho Meta 
Product Product and Para Product 
Reaction (96) (96) (96) (%) 
Chlorination 39 55 94 6 
Bromination 11 87 98 2 
Nitration 30 70 100 
Sulfonation 100 100 


Similar results are obtained from electrophilic substitutions of bromobenzene. 
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15.10G Classification of Substituents 


A summary of the effects of some substituents on reactivity and orientation is provided in 


Table 15.2. 

СЗЭ Effect of Substituents on Electrophilic Aromatic Substitution 
Ortho-Para Directors Meta Directors 
Strongly Activating Moderately Deactivating 
—NH;, —NHR, —NR; —C=N 
—OH, —Ó:- —SO3H 


Moderately Activating о о 
| ДА AÅ 
pu OH; OR 
о (0) 
| РЦ РА 
Д. с | В 
R»—OR 


9 Strongly Deactivating 
Weakly Activating —NO, 
—R (alkyl) —NR3* 
— Са Н5 (phenyl) = ЕР, ССБ 
Weakly Deactivating 
—Ё:, —d: } —Br: = I: 


Solved Problem 15.3 


Label each of the following aromatic rings as activated or deactivated based on the substituent attached, and state 
whether the group is an ortho-para or meta director. 


(a) Lom (c) 


STRATEGY AND ANSWER If a substituent donates electron density it will activate the ring and cause ortho and 
para substitution. If a substituent withdraws electron density it will deactivate the ring and cause meta substitution 
(except for halogens, which are electron withdrawing but cause ortho—para substitution). (a) Activated; an ether is 
an ortho-para director; (b) deactivated; the ester carbonyl is a meta director; (c) activated; the single-bonded oxy- 
gen of the ester is directly bonded to the ring, and therefore it is an ortho-para director; (d) activated; the amide 
nitrogen is an ortho—para director; (e) deactivated; however, the halogen is ortho-para director through resonance; 
(f) deactivated; the sulfonate group is a meta director. 


(e) 


(C yy Oo 
САД (C 


Review Problem 15.7 Predict the major products formed when: 
(a) Toluene is sulfonated. (c) Nitrobenzene is brominated. 
(b) Benzoic acid is nitrated. (d) Isopropylbenzene reacts with acetyl chloride and АІСІз. 


If the major products would be a mixture of ortho and para isomers, you should so state. 
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15.11 How Substituents Affect Electrophilic Aromatic 
Substitution: A Closer Look 


15.11A Reactivity: The Effect of Electron-Releasing 
and Electron-Withdrawing Groups 


@ We can account for relative reaction rates by examining the transition state for the 
rate-determining steps. 


We know that any factor that increases the energy of the transition state relative to that of 
the reactants decreases the relative rate of the reaction. It does this because it increases the 
free energy of activation of the reaction. In the same way, any factor that decreases the 
energy of the transition state relative to that of the reactants lowers the free energy of acti- 
vation and increases the relative rate of the reaction. 

The rate-determining step in electrophilic substitutions of substituted benzenes is the step 
that results in the formation of the arenium ion. We can write the formula for a substituted 
benzene in a generalized way if we use the letter G to represent any ring substituent, includ- 
ing hydrogen. 

When we examine this step for a large number of reactions, we find that the relative rates 
of the reactions depend on whether G withdraws or releases electrons. 


ө If Gis an electron-releasing group (relative to hydrogen), the reaction occurs faster 
than the corresponding reaction of benzene. 


ө If Gis an electron-withdrawing group, the reaction is slower than that of benzene: 


G G|t 
ӧ+ 
+ Et —> => When G is electron donating, 
Е 7 the reaction is faster. 
\ 6+ 
НЕ НЕ 
а releases Transition state Arenium ion 
electrons. is stabilized. is stabilized. 
Е" 
ò+ 
+ Е+ —э О NNUS a ("1 e When G is electron withdrawing, 
the reaction is slower. 
`+ 
Н Е 
а withdraws Transition state Arenium ion 
electrons. is destabilized. is destabilized. 


It appears, then, that the substituent (G) must affect the stability of the transition state 
relative to that of the reactants. Electron-releasing groups apparently make the transition 
state more stable, whereas electron-withdrawing groups make it less stable. That this is so 
is entirely reasonable, because the transition state resembles the arenium ion, and the are- 
nium ion is a delocalized carbocation. 

This effect illustrates another application of the Hammond-Leffler postulate (Section 
6.13A). The arenium ion is a high-energy intermediate, and the step that leads to it is a highly 
endothermic step. Thus, according to the Hammond-Leffler postulate, there should be a strong 
resemblance between the arenium ion itself and the transition state leading to it. 

Since the arenium ion is positively charged, we would expect an electron-releasing group 
to stabilize the arenium ion and the transition state leading to it , for the transition state is 
a developing delocalized carbocation. We can make the same kind of arguments about the 
effect of electron-withdrawing groups. An electron-withdrawing group should make the are- 
nium ion less stable, and in a corresponding way it should make the transition state lead- 
ing to the arenium ion less stable. 
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Figure 15.4 shows how the electron-withdrawing and electron-releasing abilities of sub- 
stituents affect the relative free energies of activation of electrophilic aromatic substitution 
reactions. 


Reaction coordinate 


Figure 15.4 А comparison of free-energy profiles for arenium ion formation in a ring with an 
electron-withdrawing substituent ( > G), no substituent, and an electon-donating substituent 
(= G). In (1) (blue energy profile), the electron-withdrawing group G raises the transition state 
energy. The energy of activation barrier is the highest, and therefore the reaction is the slowest. 
Reaction (2), with no substituent, serves as a reference for comparison. In (3) (red energy profile), 
an electron-donating group G stabilizes the transition state. The energy of activation barrier is 
lowest, and therefore the reaction is the fastest. 


Calculated electrostatic potential maps for two arenium ions comparing the charge- 
stabilizing effect of an electron-donating methyl group with the charge-destabilizing effect 
of an electron-withdrawing trifluoromethyl group are shown in Fig. 15.5. The arenium ion 
at the left (Fig. 15.5a) is that from electrophilic addition of bromine to methylbenzene 
(toluene) at the para position. The arenium ion at the right (Fig. 15.55) is that from elec- 
trophilic addition of bromine to trifluoromethylbenzene at the meta position. Notice that 
the atoms of the ring in Fig. 15.5a have much less blue color associated with them, show- 
ing that they are much less positive and that the ring is stabilized. 


Figure 15.5 Calculated electrostatic potential maps 
for the arenium ions from electrophilic addition of 
bromine to (a) methylbenzene (toluene) and 

(b) trifluoromethylbenzene. The positive charge in the 
arenium ion ring of methylbenzene (a) is delocalized 

by the electron-releasing ability of the methyl group, 
whereas the positive charge in the arenium ion of 
trifluoromethylbenzene (b) is enhanced by the electron- 
withdrawing effect of the trifluoromethyl group. (The 
electrostatic potential maps for the two structures use 


the same color scale with respect to potential so that 
they can be directly compared.) (a) (b) 


15.11B Inductive and Resonance Effects: 
Theory of Orientation 


We can account for the electron-withdrawing and electron-releasing properties of groups 
on the basis of two factors: inductive effects and resonance effects. We shall also see that 
these two factors determine orientation in aromatic substitution reactions. 


15.11 How Substituents Affect Electrophilic Aromatic Substitution 


Inductive Effects The inductive effect of a substituent G arises from the electrostatic 
interaction of the polarized bond to G with the developing positive charge in the ring as it 
is attacked by an electrophile. If, for example, G is a more electronegative atom (or group) 
than carbon, then the ring will be at the positive end of the dipole: 


8— ô+ 
G (e.g., G = F, Cl, or Br) 


Attack by an electrophile will be slowed because this will lead to an additional full posi- 
tive charge on the ring. The halogens are all more electronegative than carbon and exert an 
electron-withdrawing inductive effect. Other groups have an electron-withdrawing induc- 
tive effect because the atom directly attached to the ring bears a full or partial positive 
charge. Examples are the following: 


X? је о- 
" ^ / | 
>NR, (R=alkylorH) +C*>xX* T >S*-OH 
x o- 0 


"O О 
cI |. 
= им 7 a (G = Н, А, OH, or OR) 


Electron-withdrawing groups with a full or partial 
charge on the atom attached to the ring 


Resonance Effects The resonance effect of a substituent G refers to the possibility 
that the presence of G may increase or decrease the resonance stabilization of the inter- 
mediate arenium ion. The G substituent may, for example, cause one of the three contrib- 
utors to the resonance hybrid for the arenium ion to be better or worse than the case when 
G is hydrogen. Moreover, when G is an atom bearing one or more nonbonding electron 
pairs, it may lend extra stability to the arenium ion by providing a fourth resonance con- 
tributor in which the positive charge resides on G: 


CG Gt 


E E 
H 


This electron-donating resonance effect applies with decreasing strength in the following order: 


Mr £s Ф 


Most electron donating NH, —NR, > * ÖH, --ÓR > ES. 


This is also the order of the activating ability of these groups. 


9 Amino groups are highly activating, hydroxyl and alkoxyl groups are somewhat 
less activating, and halogen substituents are weakly deactivating. 


When X = F, this order can be related to the electronegativity of the atoms with the non- 
bonding pair. The more electronegative the atom is, the less able it is to accept the positive 
charge (fluorine is the most electronegative, nitrogen the least). When X = Cl, Br, or |, the 
relatively poor electron-donating ability of the halogens by resonance is understandable on 
a different basis. These atoms (Cl, Br, and |) are all larger than carbon, and, therefore, the 
orbitals that contain the nonbonding pairs are further from the nucleus and do not overlap 
well with the 2p orbital of carbon. (This is a general phenomenon: Resonance effects are 
not transmitted well between atoms of different rows in the periodic table.) 


: Leastelectron donating 
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15.11C Meta-Directing Groups 


€ All meta-directing groups have either a partial positive charge or a full positive 
charge on the atom directly attached to the ring. 


As a typical example let us consider the trifluoromethyl group. The trifluoromethyl group, 
because of the three highly electronegative fluorine atoms, is strongly electron withdraw- 
ing. It is a strong deactivating group and a powerful meta director in electrophilic aromatic 
substitution reactions. We can account for both of these characteristics of the trifluoromethyl 
group in the following way. 

The trifluoromethyl group affects the rate of reaction by causing the transition state lead- 
ing to the arenium ion to be highly unstable. It does this by withdrawing electrons from 
the developing carbocation, thus increasing the positive charge on the ring: 


ô+ ô+ ô+ 
CF, CF, |+ ou CF, 
+ Et — => 
ô+ ô+ 
NO 
H.E 
Trifluoromethylbenzene Transition state Arenium ion 


We can understand how the trifluoromethyl group affects orientation in electrophilic aro- 
matic substitution if we examine the resonance structures for the arenium ion that would 
be formed when an electrophile attacks the ortho, meta, and para positions of trifluo- 
romethylbenzene. 


Ortho Attack 


CF, CF, CF, CF, 
E* E E E 
— А H <> Р Н = H 


Highly unstable 
contributor 


Meta Attack 
CF, CF, CF, CF, 
+ + 
Oh = eu = oF P er 
Et H H d H 
Para Attack 


CF, CF, CF, CF, 
+ + 
: » | | | 
E НЕ НЕ НЕ 
Highly unstable 
contributor 


@ The arenium ion arising from ortho and para attack each has one contributing 
structure that is highly unstable relative to all the others because the positive 
charge is located on the ring carbon that bears the electron-withdrawing group. 
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@ The arenium ion arising from meta attack has no such highly unstable resonance 
structure. 


ө By the usual reasoning we would also expect the transition state leading to the 
meta-substituted arenium ion to be the least unstable and, therefore, that meta 
attack would be favored. 


This is exactly what we find experimentally. The trifluoromethyl group is a powerful meta 
director: 


CF, CF, 


H,SO 

+ HNO, —— 
NO, 

Trifluoromethylbenzene ~100% 


Bear in mind, however, that meta substitution is favored only in the sense that it is the 
least unfavorable of three unfavorable pathways. The free energy of activation for substi- 
tution at the meta position of trifluoromethylbenzene is less than that for attack at an ortho 
or para position, but it is still far greater than that for an attack on benzene. Substitution 
occurs at the meta position of trifluoromethylbenzene faster than substitution takes place 
at the ortho and para positions, but it occurs much more slowly than it does with benzene. 


@ The nitro group, the carboxyl group, and other meta-directing groups (see Table 
15.2) are all powerful electron-withdrawing groups and act in a similar way. 
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Solved Problem 15.4 


Write contributing resonance structures and the resonance hybrid for the arenium ion formed when benzaldehyde 


undergoes nitration at the meta position. 


STRATEGY AND ANSWER 


о O 
+ 
H H H 
о У e <—> 
+ E 
imc E BENG SUNT 
oy YO) Of FO OY 0) 


15.11D Ortho-Para-Directing Groups 


Except for the alkyl and phenyl substituents, all of the ortho-para-directing groups in 
Table 15.2 are of the following general type: 


НН zo " 
uet Ме “№ D :Cl: 
At least one 
nonbonding as in 
electron pair 


Aniline Phenol  Chlorobenzene 


This structural feature—an unshared electron pair on the atom adjacent to the ring—deter- 
mines the orientation and influences reactivity in electrophilic substitution reactions. 

The directive effect of groups with an unshared pair is predominantly caused by an elec- 
tron-releasing resonance effect. The resonance effect, moreover, operates primarily in the 
arenium ion and, consequently, in the transition state leading to it. 
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Except for the halogens, the primary effect of these groups on relative reactivity of the 
benzene ring is also caused by an electron-releasing resonance effect. And, again, this effect 
operates primarily in the transition state leading to the arenium ion. 

In order to understand these resonance effects, let us begin by recalling the effect of the 
amino group on electrophilic aromatic substitution reactions. The amino group is not only 
a powerful activating group, it is also a powerful ortho-para director. We saw earlier (Section 
15.10D) that aniline reacts with bromine in aqueous solution at room temperature and in 
the absence of a catalyst to yield a product in which both ortho positions and the para posi- 
tion are substituted. 

The inductive effect of the amino group makes it slightly electron withdrawing. Nitrogen, 
as we know, is more electronegative than carbon. The difference between the electronega- 
tivities of nitrogen and carbon in aniline is not large, however, because the carbon of the 
benzene ring is sp? hybridized and so it is somewhat more electronegative than it would be 
if it were sp? hybridized. 


@ The resonance effect of the amino group is far more important than its inductive 
effect in electrophilic aromatic substitution, and this resonance effect makes the 
amino group electron releasing. 


We can understand this effect if we write the resonance structures for the arenium ions that 
would arise from ortho, meta, and para attack on aniline: 


Ortho Attack 


:МН, :NH, :NH, (NH, NH, 
E+ E E E E 
===> н < н <> н < H 
+ + 


Relatively stable 
contributor 


Meta Attack 
: NH, :NH, :NH, :NH, 
+ + 
Q Ea E Су 
Е+ H H rs H 
Para Attack 
R 
:NH :NH :NH NH :NH 
2 2 G 2 1 2 2 
* * 
E* E H E H E H E H 


Relatively stable 
contributor 


Four reasonable resonance structures can be written for the arenium ions resulting from ortho 
and para attack, whereas only three can be written for the arenium ion that results from meta 
attack. This, in itself, suggests that the ortho- and para-substituted arenium ions should be more 
stable. Of greater importance, however, are the relatively stable structures that contribute to 
the hybrid for the ortho- and para-substituted arenium ions. In these structures, nonbonding 
pairs of electrons from nitrogen form an additional covalent bond to the carbon of the ring. 
This extra bond—and the fact that every atom in each of these structures has a complete outer 
octet of electrons—makes these structures the most stable of all of the contributors. Because 
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these structures are unusually stable, they make a large—and stabilizing—contribution to the 
hybrid. This means, of course, that the ortho- and para-substituted arenium ions themselves 
are considerably more stable than the arenium ion that results from the meta attack. The tran- 
sition states leading to the ortho- and para-substituted arenium ions occur at unusually low free 
energies. As a result, electrophiles react at the ortho and para positions very rapidly. 


Use resonance theory to explain why the hydroxyl group of phenol is an activating group 
and an ortho-para director. Illustrate your explanation by showing the arenium ions formed 
when phenol reacts with a Вг” ion at the ortho, meta, and para positions. 


Phenol reacts with acetic anhydride in the presence of sodium acetate to produce the ester 


phenyl acetate: 
ощ 106 
> 
CH,CO,Na A 
OH О 


Рћепо! Рћепу! acetate 


The СНАСОО— group of phenyl acetate, like the — OH group of phenol (Review Problem 
15.8), is an ortho-para director. 


(а) What structural feature of the CH3COO — group explains this? 


(b) Phenyl acetate, although undergoing reaction at the ortho and para positions, is less reac- 
tive toward electrophilic aromatic substitution than phenol. Use resonance theory to 
explain why this is so. 


(c) Aniline is often so highly reactive toward electrophilic substitution that undesirable reac- 
tions take place (see Section 15.14A). One way to avoid these undesirable reactions is 
to convert aniline to acetanilide (below) by treating aniline with acetyl chloride or acetic 


anhydride: 
1 (CH,CO),O Di L 
NH2 NÁ 


Aniline Acetanilide 


What kind of directive effect would you expect the acetamido group (СНАСОМН—) 
to have? 


(d) Explain why it is much less activating than the amino group, — NH». 


The directive and reactivity effects of halo substituents may, at first, seem to be contra- 
dictory. The halo groups are the only ortho—para directors (in Table 15.2) that are deacti- 
vating groups. [Because of this behavior we have color coded halogen substituents green 
rather than red (electron donating) or blue (electron withdrawing).] All other deactivating 
groups are meta directors. We can readily account for the behavior of halo substituents, how- 
ever, if we assume that their electron-withdrawing inductive effect influences reactivity and 
their electron-donating resonance effect governs orientation. 

Let us apply these assumptions specifically to chlorobenzene. The chlorine atom is highly 
electronegative. Thus, we would expect a chlorine atom to withdraw electrons from the ben- 
zene ring and thereby deactivate it: 


Cl: 


The inductive effect of the 
chlorine atom deactivates the ring. 
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Review Problem 15.9 
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On the other hand, when electrophilic attack does take place, the chlorine atom stabilizes 
the arenium ions resulting from ortho and para attack relative to that from meta attack. The 
chlorine atom does this in the same way as amino groups and hydroxyl groups do—by donat- 
ing an unshared pair of electrons. These electrons give rise to relatively stable resonance 
structures contributing to the hybrids for the ortho- and para-substituted arenium ions. 


Ortho Attack 


Cl: 
S E 
— Н .— Н <-> 


Relatively stable 
contributor 


Meta SOR 


а -Ox- и - 


Para Attack 


9-5-6-6-6 


Relatively stable 
contributor 


What we have said about chlorobenzene is also true of bromobenzene. 
We can summarize the inductive and resonance effects of halo substituents in the 
following way. 


€ Through their electron-withdrawing inductive effect, halo groups make the ring 
more electron deficient than that of benzene. This causes the free energy of activa- 
tion for any electrophilic aromatic substitution reaction to be greater than that for 
benzene, and, therefore, halo groups are deactivating. 


@ Through their electron-donating resonance effect, however, halo substituents cause 
the free energies of activation leading to ortho and para substitution to be lower 
than the free energy of activation leading to meta substitution. This makes halo 
substituents ortho-para directors. 


You may have noticed an apparent contradiction between the rationale offered for the 
unusual effects of the halogens and that offered earlier for amino or hydroxyl groups. That 
is, oxygen is more electronegative than chlorine or bromine (and especially iodine). Yet the 
hydroxyl group is an activating group, whereas halogens are deactivating groups. An expla- 
nation for this can be obtained if we consider the relative stabilizing contributions made to 
the transition state leading to the arenium ion by resonance structures involving a group 

G ( G- NH, Он, F:, Cl, Br:, |: ) that is directly attached to the 
benzene ring in which Gi donates an aléctton pair. 1f —Ó is —OH or — NH», these 
resonance structures arise because of the overlap of a 2p orbital of carbon with that of OXy- 
gen or nitrogen. Such overlap is favorable because the atoms are almost the same size. With 


15.11 How Substituents Affect Electrophilic Aromatic Substitution 


chlorine, however, donation of an electron pair to the benzene ring requires overlap of a 
carbon 2p orbital with a chlorine 3p orbital. Such overlap is less effective; the chlorine atom 
is much larger and its 3p orbital is much further from its nucleus. With bromine and iodine, 
overlap is even less effective. Justification for this explanation can be found in the obser- 
vation that fluorobenzene (G — —Ё:) is the most reactive halobenzene in spite of the high 
electronegativity of fluorine and the fact that —E: is the most powerful ortho-para director 
of the halogens. With fluorine, donation of an electron pair arises from overlap of a 2p orbital 
of fluorine with a 2p orbital of carbon (as with —NH, and —Ö H). This overlap is effective 


because the orbitals of =C and —Ё: are of the same relative size. 


Chloroethene adds hydrogen chloride more slowly than ethene, and the product is 1,1- 
dichloroethane. How can you explain this using resonance and inductive effects? 


Cl. Z^ Hc d 


CI 


15.11E Ortho-Para Direction and Reactivity 
of Alkylbenzenes 


Alkyl groups are better electron-releasing groups than hydrogen. Because of this, they can 
activate a benzene ring toward electrophilic substitution by stabilizing the transition state 
leading to the arenium ion: 


R] 
ò+ 
ò+ ò+ 
PES 
НЕ НЕ 
Transition state Arenium ion 
is stabilized. is stabilized. 


For an alkylbenzene the free energy of activation of the step leading to the arenium ion 
(just shown) is lower than that for benzene, and alkylbenzenes react faster. 

Alkyl groups аге ortho—para directors. We can also account for this property of alkyl groups 
on the basis of their ability to release electrons—an effect that is particularly important when 
the alkyl group is attached directly to a carbon that bears a positive charge. (Recall the ability 
of alkyl groups to stabilize carbocations that we discussed in Section 6.11 and in Fig. 6.8.) 

If, for example, we write resonance structures for the arenium ions formed when toluene 
undergoes electrophilic substitution, we get the results shown below: 


Ortho Attack 


CH; CH; CH; CH; 
Е+ Е Е Е 
== `H <> н «> H 


Relatively stable 
contributor 


Meta Attack 


CH; CH; CH; CH; 
+ + 

A Е eu > or > or 

E+ E E "db - 
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Para Attack 


CH; CH; сна сна 
Rz zz 
J E H E H E H 


Relatively 
stable contributor 


In ortho attack and para attack we find that we can write resonance structures in which the 
methyl group is directly attached to a positively charged carbon of the ring. These structures 
are more stable relative to any of the others because in them the stabilizing influence of the 
methyl group (by electron release) is most effective. These structures, therefore, make a large 
(stabilizing) contribution to the overall hybrid for ortho- and para-substituted arenium ions. 
No such relatively stable structure contributes to the hybrid for the meta-substituted arenium 
ion, and as a result it is less stable than the ortho- or para-substituted arenium ions. Since the 
ortho- and para-substituted arenium ions are more stable, the transition states leading to them 
occur at lower energy and ortho and para substitutions take place most rapidly. 


Review Problem 15.11 Write resonance structures for the arenium ions formed when ethylbenzene reacts with a 
Вг? ion (as formed from Brz/FeBra) to produce the following ortho and para products. 


on Br, FeBr, Cl: Jom 
—> 
Вг 


Review Problem 15.12 Provide a mechanism for the following reaction and explain why it occurs faster than nitra- 
tion of benzene. 


(^ NO» » © 
() С () » 
+ 
ON 


15.11F Summary of Substituent Effects on Orientation 
and Reactivity 


With a theoretical understanding now in hand of substituent effects on orientation and reac- 
tivity, we refer you back to Table 15.2 for a summary of specific groups and their effects. 


15.12 Reactions of the Side Chain of Alkylbenzenes 


Hydrocarbons that consist of both aliphatic and aromatic groups are also known as arenes. 
Toluene, ethylbenzene, and isopropylbenzene are alkylbenzenes: 


Seog 


Methylbenzene Ethylbenzene Isopropyl- Phenylethene 
(toluene) benzene (styrene or 
(cumene) vinylbenzene) 


Phenylethene, usually called styrene, is an example of an alkenylbenzene. The aliphatic 
portion of these compounds is commonly called the side chain. 


15.12 Reactions of the Side Chain of Alkylbenzenes 


The biosynthesis of thyroxine involves introduction of iodine 
atoms into tyrosine units of thyroglobin. This process occurs 
by a biochemical version of electrophilic aromatic substitu- 
tion. An iodoperoxidase enzyme catalyzes the reaction 
between iodide anions and hydrogen peroxide to generate 
an electrophilic form of iodine (presumably a species like 
I—OH). Nucleophilic attack by the aromatic ring of tyrosine 
on the electrophilic iodine leads to incorporation of iodine 
at the 3 and 5 positions of the tyrosine rings in thyroglobu- 
lin. These are the positions ortho to the phenol hydroxyl 
group, precisely where we would expect electrophilic aro- 
matic substitution to occur in tyrosine. (Substitution para to 
the hydroxyl cannot occur in tyrosine because that position 
is blocked, and substitution ortho to the alkyl group is less 
favored than ortho to the hydroxyl.) Electrophilic iodine is 


iodoperoxidase 


r+ H505 


Thyroglobin 
(Two tyrosine groups are shown. 
The remainder of the thyroglobin protein 
is indicated by the shaded area.) 


CH, 
protein 
hydrolysis 

| | у 

о 
| | 

OH 
Thyroxine 


THE CHEMIS 
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lodine Incorporation in Thyroxine Biosynthesis 


also involved in the coupling of two tyrosine units necessary 
to complete biosynthesis of thyroxine. 

Electrophilic aromatic substitution also plays a role in the 
1927 laboratory synthesis of thyroxine by C. Harington and 
G. Barger. Their synthesis helped prove the structure of this 
important hormone by comparison of the synthetic mater- 
ial with natural thyroxine. Harington and Barger used elec- 
trophilic aromatic substitution to introduce the iodine atoms 
at the ortho positions in the phenol ring of thyroxine. They 
used a different reaction, however, to introduce the iodine 
atoms in the other ring of thyroxine (nucleophilic aromatic 
substitution—a reaction we shall study in Chapter 21.) 


(Figure below adapted with permission of John Wiley & Sons, Inc. from Voet, 
D. and Voet, J. G., Biochemistry, 2nd edition. € 1995 Voet D. and Voet, J. G.) 


r+ H505 


The biosynthesis of thyroxine in the thyroid gland through the iodination, rearrangement, and hydrolysis (proteolysis) of 
thyroglobin Tyr residues. The relatively scarce I is actively sequestered by the thyroid gland. 
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15.12A Benzylic Radicals and Cations 


Hydrogen abstraction from the methyl group of methylbenzene (toluene) produces a radi- 
cal called the benzyl radical: 


c «| cule 


e CH, CH, bud 
И {bene 
—RH —2 
——— 
carbon 


Methylbenzene The benzyl A benzylic 
(toluene) radical radical 


The name benzyl radical is used as a specific name for the radical produced in this reaction. 
The general name benzylic radical applies to all radicals that have an unpaired electron on 
the side-chain carbon atom that is directly attached to the benzene ring. The hydrogen atoms 
of the carbon atom directly attached to the benzene ring are called benzylic hydrogen atoms. 
A group bonded at a benzylic position is called a benzylic substituent. 

Departure of a leaving group (LG) from a benzylic position produces a benzylic cation: 


-LG- 
— 


A benzylic cation 


Benzylic radicals and benzylic cations are conjugated unsaturated systems and both are unusu- 
ally stable. They have approximately the same stabilities as allylic radicals and cations. This 
exceptional stability of benzylic radicals and cations can be explained by resonance theory. In 
the case of each entity, resonance structures can be written that place either the unpaired elec- 
tron (in the case of the radical) or the positive charge (in the case of the cation) on an ortho or 
para carbon of the ring (see the following structures). Thus resonance delocalizes the unpaired 
electron or the charge, and this delocalization causes the radical or cation to be highly stabilized. 


7 “< “< “е “< “< “< “< 
9-6-5 4-56-66 
N y 
Benzylic radicals are stabilized by resonance. Benzylic cations are stabilized by resonance. 


Calculated structures for the benzyl radical and benzyl cation are presented in Fig. 15.6. 
These structures show the presence at their ortho and para carbons of unpaired electron den- 
sity in the radical and positive charge in the cation, consistent with the resonance struc- 
tures above. 


Figure 15.6 The gray lobes in the calculated structure for the benzyl 
radical (left) show the location of density from the unpaired electron. 

This model indicates that the unpaired electron resides primarily at the 
benzylic, ortho, and para carbons, which is consistent with the resonance 
model for the benzylic radical discussed earlier. The calculated 
electrostatic potential map for the bonding electrons in the benzyl cation 
(right) indicates that positive charge (blue regions) resides primarily at the 
benzylic, ortho, and para carbons, which is consistent with the resonance 
model for the benzylic cation. The van der Waals surface of both 
structures is represented by the wire mesh. 
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Industrial Styrene Synthesis 


15.12 Reactions of the Side Chain of Alkylbenzenes oe 


Styrene is one of the most important industrial chemicals— catalyst 
more than 11 billion pounds is produced each year. The 630° 
starting material for a major commercial synthesis of styrene 
is ethylbenzene, produced by Friedel-Crafts alkylation of Styrene 
benzene: (90-92% yield) 
Most styrene is polymerized (Special Topic A) to the famil- 
| = HCI iar plastic, polystyrene: 
Ethylbenzene (Y catalyst. NVN 
| l Н, C,H; CH, 
Ethylbenzene is then dehydrogenated in the presence of Colts Сань Ce 

a catalyst (zinc oxide or chromium oxide) to produce styrene. Polystyrene 


15.12B Halogenation of the Side Chain: Benzylic Radicals 


We have already seen that we can substitute bromine and chlorine for hydrogen atoms on 
the ring of toluene and other alkylaromatic compounds using electrophilic aromatic sub- 
stitution reactions. Chlorine and bromine can also be made to replace hydrogen atoms that 
are on a benzylic carbon, such as the methyl group of toluene. 


е Benzylic halogenation is carried out in the absence of Lewis acids and under 
conditions that favor the formation of radicals. 


When toluene reacts with N-bromosuccinimide (NBS) in the presence of light, for exam- 
ple, the major product is benzyl bromide. N-Bromosuccinimide furnishes a low concen- 
tration of Bro, and the reaction is analogous to that for allylic bromination that we studied 
in Section 13.2B. 


O 
CH; 
Cy А N—Br 19", Су". de 
CCl, 
O Benzyl bromide 
(a-bromotoluene) 
NBS (64%) 


Side-chain chlorination of toluene takes place in the gas phase at 400-600°С or in the 
presence of UV light. When an excess of chlorine is used, multiple chlorinations of the side 
chain occur: 


CH,CI CHCI, 
Суз. m (3 se E^ O= EC б 
or light or light or light 
Benzyl Dichloromethyl- Trichloromethyl- 
chloride benzene benzene 


These halogenations take place through the same radical mechanism we saw for alka- 
nes in Section 10.4. The halogens dissociate to produce halogen atoms and then the halo- 
gen atoms initiate chain reactions by abstracting hydrogens of the methyl group. 

Benzylic halogenations are similar to allylic halogenations (Section 13.2) in that they 
involve the formation of unusually stable radicals (Section 15.12A). 


@ Benzylic and allylic radicals are even more stable than tertiary radicals. 


Chain Initiation 
Step 1 


Chain Propagation 
Step 2 


Step 3 


Chain Termination 
Step 4 
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A MECHANISM FOR THE REACTION 


Benzylic Halogenation 


peroxides, 
heat, 
xix : 
or light 
Peroxides, heat, or light cause halogen 
molecules to cleave into radicals. 


2X. 


| H 
CHOON Ж — сонс + HEX 
Н “н 


Benzyl radical 


A halogen radical abstracts a benzylic hydrogen atom, forming 
a benzylic radical and a molecule of the hydrogen halide. 


p | 
Oe e (uM s CHEK + X 
à H 

Benzyl radical Benzyl halide 


The benzylic radical reacts with a halogen molecule to form the benzylic 
halide product and a halogen radical that propagates the chain. 


C,H,CHÍ \х == CCH x 
mde HON ‘CH,C,H, — C,H,CH,—CH,C,H, 


Various radical coupling reactions terminate the chain. 


The greater stability of benzylic radicals accounts for the fact that when ethylbenzene 
is halogenated, the major product is the 1-halo-1-phenylethane. The benzylic radical is 
formed much faster than the 1° radical: 


X 
fast oe X, 
—— 

Benzylic radical 1-Halo-1-phenylethane 

(more stable) (major product) 

x 

oe х, O~ 

1° Radical 1-Halo-2-phenylethane 


(less stable) (minor product) 
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When propylbenzene reacts with chlorine in the presence of UV radiation, the major prod- Review Problem 15.13 
uct is 1-chloro-1-phenylpropane. Both 2-chloro-1-phenylpropane and 3-chloro-1-phenyl- 

propane are minor products. Write the structure of the radical leading to each product and 

account for the fact that 1-chloro-1-phenylpropane is the major product. 


Solved Problem 15.5 


ILLUSTRATING A MULTISTEP SYNTHESIS Show how phenylacetylene (CgH;C=CH) could be synthesized from 
ethylbenzene (phenylethane). Begin by writing a retrosynthetic analysis, and then write reactions needed for the 
synthesis. 


ANSWER Working backward, that is, using retrosynthetic analysis, we find that we can easily envision two syn- 
theses of phenylacetylene. We can make phenylacetylene by dehydrohalogenation of 1,1-dibromo-1-phenylethane, 
which could have been prepared by allowing ethylbenzene (phenylethane) to react with 2 mol of NBS. Alternatively, 
we can prepare phenylacetylene from 1,2-dibromo-1-phenylethane, which could be prepared from styrene 
(phenylethene). Styrene can be made from 1-bromo-1-phenylethane, which can be made from ethylbenzene. 


Br Br 
2 — = ( a 
а | 
Following are the synthetic reactions we need for the two d d ae above: 
NBS (2 equiv.), 
__light — 
сср г 
2 
(1) LU NENT minere oih neet. mineral oil, heat 
(2) ањо 
Or 
Br 


Br 
NBS, NBS, light _KOH, heat heat Ce Вг, CCl, 
Bcc 
2 
{1) NaNH,, mineral oil, heat mineral oil, heat 
= owon 


Show how the following compounds could be synthesized from phenylacetylene Review Problem 15.14 
(CgH;C=Ch): (a) 1-phenylpropyne, (b) 1-phenyl-1-butyne, (c) (Z)-1-phenylpropene, and 
(d) (E)-1-phenylpropene. Begin each synthesis by writing a retrosynthetic analysis. 
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15.13 Alkenylbenzenes 
15.13A Stability of Conjugated Alkenylbenzenes 


€ Alkenylbenzenes that have their side-chain double bond conjugated with the ben- 
zene ring are more stable than those that do not: 


/ 
~ E 
p / 
с=с Ре, 
\ : C=C 
is more stable than d E 
Z/N 
Conjugated system Nonconjugated system 


Part of the evidence for this comes from acid-catalyzed alcohol dehydrations, which are 
known to yield the most stable alkene (Section 7.8A). For example, dehydration of an alco- 
hol such as the one that follows yields exclusively the conjugated system: 


H, / 
N 
C 
W Ao 
с=6 
\ 


H H 
( N Д " a HA, heat. 
| | | (-H50) 

H 


Because conjugation always lowers the energy of an unsaturated system by allowing the 
m electrons to be delocalized, this behavior is just what we would expect. 


15.13B Additions to the Double Bond of Alkenylbenzenes 


In the presence of peroxides, hydrogen bromide adds to the double bond of 1-phenylpropene 
to give 2-bromo-1-phenylpropane as the major product: 


US HBr 
— VERSÉ 
peroxides Br 


1-Phenylpropene 2-Bromo-1-phenylpropane 


In the absence of peroxides, HBr adds in just the opposite way: 


Br 
T HBr 
(no peroxides) 


1-Phenylpropene 1-Bromo-1-phenylpropane 


The addition of hydrogen bromide to 1-phenylpropene proceeds through a benzylic rad- 
ical in the presence of peroxides and through a benzylic cation in their absence (see Review 
Problem 15.15 and Section 10.9). 


Review Problem 15.15 Write mechanisms for the reactions whereby HBr adds to 1-phenylpropene (a) in the presence 
of peroxides and (b) in the absence of peroxides. In each case account for the regiochemistry 
of the addition (i.e., explain why the major product is 2-bromo-1-phenylpropane when per- 
oxides are present and why it is 1-bromo-1-phenylpropane when peroxides are absent). 
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(a) What would you expect to be the major product when 1-phenylpropene reacts with HCI? Review Problem 15.16 


(b) What product would you expect when it is subjected to oxymercuration-demercuration? 


15.13C Oxidation of the Side Chain 


Strong oxidizing agents oxidize toluene to benzoic acid. The oxidation can be carried out 
by the action of hot alkaline potassium permanganate. This method gives benzoic acid in 
almost quantitative yield: 


(0) 


CH, 
(1) KMnO,, ОН", heat , OH 
(2) НО 


Benzoic acid 
(~100%) 


An important characteristic of side-chain oxidations is that oxidation takes place initially 
at the benzylic carbon. 


€ Alkylbenzenes with alkyl groups longer than methyl are ultimately degraded to 
benzoic acids: 


CH;R 
* 0 (I) KMO, OH", heat , хон 
(2) H,O* 


Ап alkylbenzene Benzoic acid 


Side-chain oxidations are similar to benzylic halogenations, because in the first step the 
oxidizing agent abstracts a benzylic hydrogen. Once oxidation is begun at the benzylic car- 
bon, it continues at that site. Ultimately, the oxidizing agent oxidizes the benzylic carbon 
to a carboxyl group, and, in the process, it cleaves off the remaining carbon atoms of the 
side chain. (tert-Butylbenzene is resistant to side-chain oxidation. Why?) 


@ Side-chain oxidation is not restricted to alkyl groups. Alkenyl, alkynyl, and acyl 
groups are also oxidized by hot alkaline potassium permanganate. 


C,H.CH=CHCH, 


or 
- | 
C,H,C—CCH, 0) — = Jen, C,H,COH 
or 
| 
C,H,CCH, 


15.13D Oxidation of the Benzene Ring 


The benzene ring carbon where an alkyl group is bonded can be converted to a carboxyl 
group by ozonolysis, followed by treatment with hydrogen peroxide. 

ji 

1) O,, CH,CO,H 
(беен, Б сон 


R—CH. уно, 
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15.14 Synthetic Applications 


The substitution reactions of aromatic rings and the reactions of the side chains of alkyl- 
and alkenylbenzenes, when taken together, offer us a powerful set of reactions for organic 
synthesis. By using these reactions skillfully, we shall be able to synthesize a large num- 
ber of benzene derivatives. 


ө Part of the skill in planning a synthesis is deciding in what order to carry out the 
reactions. 


Let us suppose, for example, that we want to synthesize o-bromonitrobenzene. We can see 
very quickly that we should introduce the bromine into the ring first because it is an 
ortho-para director: 


о Феб È 


o-Bromonitro- mE 
benzene benzene 


The ortho and para products can be separated by various methods because they have dif- 
ferent physical properties. However, had we introduced the nitro group first, we would have 
obtained m-bromonitrobenzene as the major product. 

Other examples in which choosing the proper order for the reactions is important are 
the syntheses of the ortho-, meta-, and para-nitrobenzoic acids. Because the methyl group 
of toluene is an electron-donating group (shown in red below), we can synthesize the ortho- 
and para-nitrobenzoic acids from toluene by nitrating it, separating the ortho- and para- 
nitrotoluenes, and then oxidizing the methyl groups to carboxyl groups: 


CO,H 
(1) (UKMO, SAM heat. ОН“, heat 
(2) HO 40* 
CH, 
NO, 
HNO, Tes ae p-Nitrobenzoic 
H,SO, (separate ortho from para) acid 
СОН 
NO, 
1) KMnO,, ОН“, hes. 
2) H,O* 
o-Nitrotoluene o-Nitrobenzoic acid 


We can synthesize m-nitrobenzoic acid by reversing the order of the reactions. We oxidize 
the methyl group to a carboxylic acid, then use the carboxyl as an electron-withdrawing 
group (shown in blue) to direct nitration to the meta position. 


CH, CO,H CO,H 
(1) KMnO,, OH-, heat HNO, 
—————————— —> 
(2) H,O* H,SO, 
heat NO, 
Benzoic acid m-Nitrobenzoic 


acid 


15.14 Synthetic Applications 
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Solved Problem 15.6 


Starting with toluene, outline a synthesis of (a) 1-bromo-2-trichloromethylbenzene, (b) 1-bromo-3-trichloromethyl- 


benzene, and (c) 1-bromo-4-trichloromethylbenzene. 


ANSWER Compounds (a) and (c) can be obtained by ring bromination of toluene followed by chlorination of the 


side chain using three molar equivalents of chlorine: 


CH, CCl, 
Br Br 
Cl, 
CH, hv or heat 
(a) 
_Br, | (Separate) 
is CH, са, 
Е Cl, 
> — ~ 
hv or heat 
Br Br 


(c) 


To make compound (b), we reverse the order of the reactions. By converting the side chain to a —CClg group first, 


we create a meta director, which causes the bromine to enter the desired position: 
CH, CCl, CCl, 
Cl, Br, 
hv or heat Fe 
Br 
(b) 


Suppose you needed to synthesize m-chloroethylbenzene from benzene. 


Cl 
ЈЕ 
—— 


You could begin by chlorinating benzene and then follow with a Friedel-Crafts alkylation 
using chloroethane and AlCls, or you could begin with a Friedel-Crafts alkylation followed 
by chlorination. Neither method will give the desired product, however. 


(a) Why will neither method give the desired product? 


(b) There is a three-step method that will work if the steps are done in the right order. What 
is this method? 


15.14A Use of Protecting and Blocking Groups 


@ Very powerful activating groups such as amino groups and hydroxyl groups cause 
the benzene ring to be so reactive that undesirable reactions may take place. 


Some reagents used for electrophilic substitution reactions, such as nitric acid, are also strong 
oxidizing agents. Both electrophiles and oxidizing agents seek electrons. Thus, amino groups 
and hydroxyl groups not only activate the ring toward electrophilic substitution but also acti- 
vate it toward oxidation. Nitration of aniline, for example, results in considerable destruction 
of the benzene ring because it is oxidized by the nitric acid. Direct nitration of aniline, conse- 
quently, is not a satisfactory method for the preparation of o- and p-nitroaniline. 


Review Problem 15.17 
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Treating aniline with acetyl chloride, СНЗСОСІ, or acetic anhydride, (CH3CO)20, con- 
verts the amino group of aniline to an amide, (specifically an acetamido group, —NHCOCHs), 
forming acetanilide. An amide group is only moderately activating, and it does not make the 
ring highly susceptible to oxidation during nitration (see Review Problem 15.9). Thus, with 
the amino group of aniline blocked in acetanilide, direct nitration becomes possible: 


NH, ie s mc 
NO, 
_CH;COCI , COCI 4 
7 pase ^ 1,50, 50, 
Aniline Acetanilide p-Nitro- o-Nitro- 
acetanilide acetanilide 
(90%) (trace) 


E H,O, H,SO,, heat 
E OH- 


This B removes 


| 
the CH,C— group 
and replaces it 
with an — 


LR NE 


Nitration of acetanilide gives p-nitroacetanilide in excellent yield with only a trace of the 
ortho isomer. Acidic hydrolysis of p-nitroacetanilide (Section 18.8F) removes the acetyl 
group and gives p-nitroaniline, also in good yield. 

Suppose, however, that we need o-nitroaniline. The synthesis that we just outlined would 
obviously not be a satisfactory method, for only a trace of o-nitroacetanilide is obtained in 
the nitration reaction. (The acetamido group is purely a para director in many reactions. 
Bromination of acetanilide, for example, gives p-bromoacetanilide almost exclusively.) 

We can synthesize o-nitroaniline, however, through the reactions that follow: 


о о о 
и HN m NH, 

NO, NO, 

concd HNO, (1) H,O 

———5» ——— ——— 
H,SO, H,SO,, 
heat 

(2) OH- 

Acetanilide SO;H SO;H o-Nitroaniline 


(5696) 


Here we see how a sulfonic acid group can be used as a “blocking group.” We can remove 
the sulfonic acid group by desulfonation at a later stage. In this example, the reagent used 
for desulfonation (dilute H2SO4) also conveniently removes the acetyl group that we 
employed to “protect” the benzene ring from oxidation by nitric acid. 


15.14B Orientation in Disubstituted Benzenes 


€ When two different groups are present on a benzene ring, the more powerful acti- 
vating group (Table 15.2) generally determines the outcome of the reaction. 


15.15 Allylic and Benzylic Halides in Nucleophilic Substitution Reactions 


Let us consider, as an example, the orientation of electrophilic substitution of p-methylac- 
etanilide. The amide group is a much stronger activating group than the methyl group. The 
following example shows that the amide group determines the outcome of the reaction. 
Substitution occurs primarily at the position ortho to the amide group: 


о О (e) 
otis -— = iu 
a Cl 
Cl 
ма + 
CH;CO,H 
cl 
CH, CH, CH, 


Major product Minor product 


ө An ortho-para director takes precedence over a meta director in determining the 
position of substitution because all ortho—para-directing groups are more activating 
than meta directors. 


Steric effects are also important in aromatic substitutions. 


@ Substitution does not occur to an appreciable extent between meta substituents if 
another position is open. 


A good example of this effect can be seen in the nitration of m-bromochlorobenzene: 


CI CI CI 
ON NO 
Æ HNO, | у 2 у 2 
H,SO, 
Br Br Br Br 
NO, 


62% 37% 1% 


Only 1% of the mononitro product has the nitro group between the bromine and chlorine. 


Predict the major product (or products) that would be obtained when each of the follow- 
ing compounds is nitrated: 


OH CN OCH, 
(a) (b) (c) 

SO,H NO, 
CF, 
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Review Problem 15.18 


15.15 Allylic and Benzylic Halides in Nucleophilic Substitution Reactions 


Allylic and benzylic halides can be classified in the same way that we have classified other 
organic halides: 


R В’ 
Н. / А. 7 H 
CH,X C~ Ce | 
N / N A X N / X Ar—CH;X Ar—C—X 
C=C C=C C=C l 
/ N / N / N R 
1? Allylic 2° Allylic 3° Allylic 1° Benzylic 2° Benzylic 


| 
as 
R’ 
3° Benzylic 
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All of these compounds undergo nucleophilic substitution reactions. As with other tertiary 
halides (Section 6.134), the steric hindrance associated with having three bulky groups on 
the carbon bearing the halogen prevents tertiary allylic and tertiary benzylic halides from react- 
ing by ап 542 mechanism. They react with nucleophiles only by an Syl mechanism. 
Primary and secondary allylic and benzylic halides can react either by an Sy2 mechanism 
or by ап Sy1 mechanism in ordinary nonacidic solvents. We would expect these halides to react 
by an 542 mechanism because they are structurally similar to primary and secondary alkyl 
halides. (Having only one or two groups attached to the carbon bearing the halogen does not 
prevent Sj2 attack.) But primary and secondary allylic and benzylic halides can also react by 
an Sy1 mechanism because they can form relatively stable allylic carbocations and benzylic 
carbocations, and in this regard they differ from primary and secondary alkyl halides.* 


@ Overall we can summarize the effect of structure on the reactivity of alkyl, allylic, 
and benzylic halides in the ways shown in Table 15.3. 


| TABLE 15.3 | A Summary of Alkyl, Allylic, and Benzylic Halides іп Sy Reactions 


These halides give mainly S,2 reactions. These halides give mainly 5,1 reactions. 
CH4—X АСА R K X i | 
R' De Pepe 
These halides may give either 5,1 ог 5,2 reactions. R” R' 
R’ 
R 
CH;—X R Se 
Dd M DX 
Ar—CH,—X Ar—CH—X C=C Е: C=C 
I G % oes АХ ON 
fo À 


Solved Problem 15.7 


When either enantiomer of 3-chloro-1-butene [(R) or (S)] is subjected to hydrolysis, the products of the reaction 
are optically inactive. Explain these results. 


ANSWER The solvolysis reaction is Syl. The intermediate allylic cation is achiral and therefore reacts with water 
to give the enantiomeric 3-buten-2-ols in equal amounts and to give some of the achiral 2-buten-1-ol: 


Review Problem 15.19 


CI OH 
~~ eS c wo. 
(R) or (S) Achiral Racemic 

+ 
Achiral 


(but two diastereomers are possible) 


Account for the following observations with mechanistic explanations. 


EtONa (in high concentration) 


(a) gj 
Vy EtOH ý 


EIO, AV 


At high concentration of ethoxide, the rate depends on both the allylic halide and ethoxide 
concentrations. 


*There is some dispute as to whether 2° alkyl halides react by an 51 mechanism to any appreciable extent in 
ordinary nonacidic solvents such as mixtures of water and alcohol or acetone, but it is clear that reaction by an 
542 mechanism is, for all practical purposes, the more important pathway. 
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(b) EtONa (in low OEt 
trati 
CI Ses oo concentration) EtO EC " pw 


At low concentration of ethoxide, the rate depends only on the allylic halide concentration. 


1-Chloro-3-methyl-2-butene undergoes hydrolysis in a mixture of water and dioxane at a Review Problem 15.20 
rate that is more than a thousand times that of 1-chloro-2-butene. (a) What factor accounts 

for the difference in reactivity? (b) What products would you expect to obtain? [Dioxane 

is a cyclic ether (below) that is miscible with water in all proportions and is a useful cosol- 

vent for conducting reactions like these. Dioxane is carcinogenic (i.e., cancer causing), how- 

ever, and like most ethers, it tends to form peroxides.] 


C) 
О 
Dioxane 


Primary halides of the type ROCH»>X apparently undergo Sy1-type reactions, whereas most Review Problem 15.21 
primary halides do not. Can you propose a resonance explanation for the ability of halides 
of the type НОСНХ to undergo 51 reactions? 


The following chlorides (Ph — phenyl) undergo solvolysis in ethanol at the relative rates Review Problem 15.22 
given in parentheses. How can you explain these results? 


| Рћ Рћ 
Ph~ cl Ph~ “С -— mo 
Ph 


(0.08) (1) (300) (3 x 10°) 


15.16 Reduction of Aromatic Compounds 


Hydrogenation of benzene under pressure using a metal catalyst such as nickel results in 
the addition of three molar equivalents of hydrogen and the formation of cyclohexane 
(Section 14.3). The intermediate cyclohexadienes and cyclohexene cannot be isolated 
because these undergo catalytic hydrogenation faster than benzene does. 


H JN. H HUNE. H HUM, 
"sow ^ “fast “fast ^ 
Benzene Cyclohexadienes Cyclohexene Cyclohexane 


15.16A The Birch Reduction 


Benzene can be reduced to 1,4-cyclohexadiene by treating it with an alkali metal (sodium, 
lithium, or potassium) in a mixture of liquid ammonia and an alcohol. This reaction is called 
the Birch reduction, after A. J. Birch, the Australian chemist who developed it. 


Na 
——————5 
NH,, EtOH 


Benzene 1,4-Cyclohexadiene 


The Birch reduction is a dissolving metal reduction, and the mechanism for it resembles 
the mechanism for the reduction of alkynes that we studied in Section 7.15B. A sequence of 
electron transfers from the alkali metal and proton transfers from the alcohol takes place, lead- 
ing to a 1,4-cyclohexadiene. The reason for formation of a 1,4-cyclohexadiene in preference 
to the more stable conjugated 1,3-cyclohexadiene is not understood. 
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A MECHANISM FOR THE REACTION 


Birch Reduction 


COSS TE) 
——À — <— еіс. 
ae E 


Benzene radical anion 


| EtOH 
H — «— etc. 
H 
H H 


Cyclohexadienyl radical 


The first electron 
transfer produces 
a delocalized 
benzene radical 


Benzene anion. 


Protonation produces 
a cyclohexadienyl 
radical (also a 
delocalized species). 


Na- 
Transfer of another 
EtOH H electron leads to the 
—— formation of a 


delocalized cyclohexadienyl 
anion, and protonation 

of this produces the 
1,4-cyclohexadiene. 


H — <— etc. 
H H ~- 


Cyclohexadienyl anion 1,4-Cyclohexadiene 


Substituent groups on the benzene ring influence the course of the reaction. Birch reduc- 
tion of methoxybenzene (anisole) leads to the formation of 1-methoxy-1,4-cyclohexadiene, 
a compound that can be hydrolyzed by dilute acid to 2-cyclohexenone. This method pro- 
vides a useful synthesis of 2-cyclohexenones: 


OCH, 
CY liq. 


Methoxybenzene 


(anisole) 


OCH, 
— — == 
NH,, EtOH H,O 


1-Methoxy-1,4- 


O 
HO* Cy 


2-Cyclohexenone 


cyclohexadiene 


Review Problem 15.23 


(84%) 


Birch reduction of toluene leads to a product with the molecular formula C7Hj9. On ozonol- 
ysis followed by reduction with dimethyl sulfide, the product is transformed into 
о о аа о о .Whatis the structure of the Birch reduction product? 


H H H 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


Problems 


Problems 


f WILEY & Note to Instructors: Many of the homework problems are available for assignment via Wiley PLUS, an online 
S teaching and learning solution. 


MECHANISMS 


15.24 Provide a detailed mechanism for each of the following reactions. Include contributing resonance structures and 
the resonance hybrid for the arenium ion intermediates. 


HNO,;, HSO, (b) Вг, FeBr; 


(e) © Eee 
AIBr, 


15.25 Provide a detailed mechanism for the following reaction. 


DE о 85, m 


15.26 One ring of phenyl benzoate undergoes electrophilic aromatic substitution much more О 
readily than the other. (a) Which one is it? (b) Explain your answer. 
О 


15.27 Many polycyclic aromatic compounds have been synthesized by a cyclization reaction known as the Bradsher геас- 
tion or aromatic " € This method can be illustrated el the following synthesis of 9-methylphenanthrene: 


5 Це aceto ao" 
heat 


UC 


An arenium ion is an intermediate in this reaction, and the last step involves the dehydration of an alcohol. Propose 
a plausible mechanism for this example of the Bradsher reaction. 


15.28 Write mechanisms that account for the products of the following reactions: 


«2 a. GIL Јов 
ОН 6 
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15.29 


15.30 


15.31 


15.32 


15.33 


15.34 
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The addition of a hydrogen halide (hydrogen bromide or hydrogen chloride) to 1-phenyl-1,3-butadiene produces 
(only) 1-phenyl-3-halo-1-butene. (a) Write a mechanism that accounts for the formation of this product. (b) Is this 
1,4 addition or 1,2 addition to the butadiene system? (c) Is the product of the reaction consistent with the forma- 
tion of the most stable intermediate carbocation? (d) Does the reaction appear to be under kinetic control or equi- 
librium control? Explain. 


REACTIONS AND SYNTHESIS 


Predict the major product (or products) formed when each of the following reacts with Clo and FeCla: 


(a) Ethylbenzene (e) Nitrobenzene 

(b) Anisole (methoxybenzene) (f) Chlorobenzene 

(c) Fluorobenzene (g) Biphenyl (CsH5— CgHs) 
(d) Benzoic acid (h) Ethyl phenyl ether 


Predict the major product (or products) formed when each of the following reacts with a mixture of concentrated 
HNO3 and H2SO,. 


(a) О (c) 4-Chlorobenzoic acid 
ol A. (d) 3-Chlorobenzoic acid 
N 
| (e) ] 
Acetanilide Ў 
О 
(b) A О Benzophenone 


Phenyl acetate 


What monobromination product (or products) would you expect to obtain when the following compounds undergo 
ring bromination with Bro and РеВгз? 


O O 
(a) (b) (c) 
N 
v "E 


Predict the major products of the following reactions: 


(a) on aa (d) Product of (c) + HBr 


HA 
(e) Product of (c) + H,O E 


peroxides 
TT 


Styrene 
EtONa | Pt 
(b) 2-Bromo-1-phenylpropane ———— (f) Product of (c) + Н, (1 molar equivalent) pod 
(1) KMnO,, OH" , heat 
c 
(c) (g) Product of (f) (2) H,O* » 
HA, heat 
OH = 
Starting with benzene, outline a synthesis of each of the following: 
(a) Isopropylbenzene (£) 1-Phenylcyclopentene (k) p-Chlorobenzenesulfonic acid 
(b) tert-Butylbenzene (g) trans-2-Phenylcyclopentanol (D o-Chloronitrobenzene 
(c) Propylbenzene (h) m-Dinitrobenzene (m) m-Nitrobenzenesulfonic acid 


(d) Butylbenzene (i) m-Bromonitrobenzene 


(e) 1-tert-Butyl-4-chlorobenzene (j) p-Bromonitrobenzene 


15.35 


15.36 


15.37 


15.38 


15.39 


15.40 
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Problems 


Starting with styrene, outline a synthesis of each of the following: 


CI Br CN 
P. De, Р 
(а) СН5 (f) Сен 


D 
OH 
(b) сене“ ~ (g) сен ~ (I) — 
OH D 
din 
Дон (b) Сене JO 
(c) CeHs Br (m) CeHs 
p (i) сан“ ~ 
ОМе 
| (n) Сан v^ 
(d) СЕЊ “ОН dip ит di 
OH 


(e) es 


Starting with toluene, outline a synthesis of each of the following: 


(a) m-Chlorobenzoic acid (f) p-Isopropyltoluene (p-cymene) 
(b) p-Methylacetophenone (g) 1-Cyclohexyl-4-methylbenzene 
(c) 2-Bromo-4-nitrotoluene (h) 2,4,6-Trinitrotoluene (TNT) 
(d) p-Bromobenzoic acid (i) 4-Chloro-2-nitrobenzoic acid 
(e) 1-Chloro-3-trichloromethylbenzene (j) 1-Butyl-4-methylbenzene 


Starting with aniline, outline a synthesis of each of the following: 
(a) p-Bromoaniline (d) 4-Bromo-2-nitroaniline 
(b) o-Bromoaniline (e) 2,4,6- Tribromoaniline 


(c) 2-Bromo-4-nitroaniline 


Both of the following syntheses will fail. Explain what is wrong with each one. 


NO, 
(1) HNOJH,SO, (1) NBS, CCI,, light 
(2) CH,COCI/AICI, (2) NaOEt, EtOH, heat 
nd © (3) Zn(Hg), HCI (b) ()Br, Fer, — ^ 


Propose structures for compounds G-I: 


Br 


OH 
concd H,SO, concd HNO, H (C.H.NS.O H4O*, H,O I (C.H.NO 
60-65°C G (С.Нь5:08) concd H,SO, (C H;NS,0,,) heat (CgHsNO,) 


OH 


2,6-Dichlorophenol has been isolated from the females of two species of ticks (Amblyomma americanum and A. 
maculatum), where it apparently serves as a sex attractant. Each female tick yields about 5 ng of 2,6-dichlorophe- 
nol. Assume that you need larger quantities than this and outline a synthesis of 2,6-dichlorophenol from phenol. 
[Hint: When phenol is sulfonated at 100°C, the product is chiefly p-hydroxybenzenesulfonic acid.] 
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15.41 


15.42 


15.43 


15.44 


15.45 


15.46 


15.47 
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2-Methylnaphthalene can be synthesized from toluene through the following sequence of reactions. Write the struc- 
ture of each intermediate. 


би SD 
Zn(Hg) 
Toluene + — NO, ^ A (САН О) "Wer В (C,,H,,0.) 
SOCI AICI NaBH 
ESSA C (C,,H4,CIO) А, D (C,,H,,0) cM E (C,,H,,0) 


H,SO, NBS NaOEt 
heat ЕС Hio) CCI, light a EtOH, 
heat 


Show how you might synthesize each of the following starting with a-tetralone (Section 15.9): 


„СО "CL "CL «0 
ÓH on C.H, 


Give structures (including stereochemistry where appropriate) for compounds A-G: 


О 
AIC, PCl; 2 NaNH, Н,, №,В (P-2) 
> 
(а) Вепхепе + Aa —>A E B (СоН Cle) SEMEL С (CHa) D (CH0) 
(Section 7.10) ngat 


[Hint: The 'H NMR spectrum of compound C consists of a multiplet at 6 7.20 (5H) and a singlet at 6 2.0 (3H).] 


(1) Li, EtNH, 


qc (2) NH,Cl (Section 7.158) 


> E (СаН о) 


Bro 
D————— 
(о) CCL, 2-5°C 


Вг, 
KDE CCl,, 2-5°C 


F + enantiomer (major products) 


G + enantiomer (major products) 


GENERAL PROBLEMS 


Show how you might synthesize each of the following compounds starting with either benzyl bromide or allyl bromide: 


(а) CeHs “СМ O (©) A_Ns 


У 
(b) CeHs OMe Б oe 
(d) CGeHg ^ O ZA 


Provide structures for compounds A and B: 


Benzene — 


Na S 
та NH, Eton ^ (CeHs) "cgi? B (CeH7Br) 


NB 
CCl, 


Ring nitration of a dimethylbenzene (a xylene) results in the formation of only one dimethylnitrobenzene. Which 
dimethylbenzene isomer was the reactant? 


The compound phenylbenzene (CgH5—CgHs) is called biphenyl, and the ring carbons are numbered in the fol- 
lowing manner: 


| 
| ji 
Challenge Problems Ш <7 


Use models to answer the following questions about substituted biphenyls. (a) When certain large groups occupy 
three or four of the ortho positions (e.g., 2, 6, 2', and 6^), the substituted biphenyl may exist in enantiomeric forms. 
An example of a biphenyl that exists in enantiomeric forms is the compound in which the following substituents 
are present: 2-МО2, 6-CO;H, 2'-NO», 6'-COsH. What factors account for this? (b) Would you expect a biphenyl 
with 2-Br, 6- COH, 2'-СО»Н, 6'-H to exist in enantiomeric forms? (c) The biphenyl with 2-МО2, 6-МО2, 2'-COsH, 
6'-Br cannot be resolved into enantiomeric forms. Explain. 


15.48 Treating cyclohexene with acetyl chloride and AICl3 leads to the formation of a product with the molecular for- 
mula CgH;3ClO. Treating this product with a base leads to the formation of 1-acetylcyclohexene. Propose mech- 
anisms for both steps of this sequence of reactions. 


15.49 The tert-butyl group can be used as a blocking group in certain syntheses of aromatic compounds. (a) How would 
you introduce a tert-butyl group? (b) How would you remove it? (c) What advantage might a tert-butyl group have 
over a —SO3H group as a blocking group? 


15.50 When toluene is sulfonated (concentrated H2SO4) at room temperature, predominantly (about 95% of the total) 
ortho and para substitution occurs. If elevated temperatures (150-200°С) and longer reaction times are employed, 
meta (chiefly) and para substitution account for some 95% of the products. Account for these differences in terms 
of kinetic and thermodynamic pathways. [Hint: m-Toluenesulfonic acid is the most stable isomer.] 


15.51 А C—D bond is harder to break than a C —H bond, and, consequently, reactions in which C— D bonds are bro- 
ken proceed more slowly than reactions in which C—H bonds are broken. What mechanistic information comes 
from the observation that perdeuterated benzene, CgDg, is nitrated at the same rate as normal benzene, СН? 


15.52 Heating 1,1,1-triphenylmethanol with ethanol containing a trace of a strong acid causes the formation of 1-ethoxy- 
1,1,1-triphenylmethane. Write a plausible mechanism that accounts for the formation of this product. 


15.53 (а) Which of the following halides would you expect to be Pa LA Br ib. dd 0:9 
Вг 
Вг 


most reactive in an Sy? reaction? (b) In an $41 reaction? 
Explain your answers. 


Challenge Problems 


15.54  Furan undergoes electrophilic aromatic substitution. Use resonance structures for pos- 2—0 
sible arenium ion intermediates to predict whether furan is likely to undergo bromina- D Br,, FeBr, 
i i ЗМ 2 => 
tion more rapidly at C2 or at C3. 


Furan 


15.55  Acetanilide was subjected to the following sequence of reactions: (1) concd Н2504; (2) HNOs, heat; (3) H20, 
H2S0;, heat, then ОН“. The С NMR spectrum of the final product gives six signals. Write the structure of the 
final product. 


15.56 The lignins are macromolecules that are major components CH 
of the many types of wood, where they bind cellulose fibers ° 
together in these natural composites. The lignins are built up (1) NaBH, (20, (3) H,O 
——— ———» 


out of a variety of small molecules (most having phenyl- 

propane skeletons). These precursor molecules are covalently СН,О 
connected in varying ways, and this gives the lignins great О 
complexity. To explain the formation of compound B below 
as one of many products obtained when lignins are ozonized, 
lignin model compound A was treated as shown. Use the fol- OH 
lowing information to determine the structure of B. 


To make B volatile enough for GC/MS (gas chromatography-mass spectrometry, Section 9.19), it was first con- 
verted to its tris(O-trimethylsilyl) derivative, which had M "308 m/z. [“Tris” means that three of the indicated com- 
plex groups named (e.g., trimethylsilyl groups here) are present. The capital, italicized O means these are attached 
to oxygen atoms of the parent compound, taking the place of hydrogen atoms. Similarly, the prefix “bis” indicates 
the presence of two complex groups subsequently named, and “tetrakis” (used in the problem below), means four. | 
The IR spectrum of B had a broad absorption at 3400 ст“ !, and its 'H NMR spectrum showed a single multiplet 
at 6 3.6. What is the structure of B? 
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15.57 When compound C, which is often used to model a more 
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OMe 
frequently occurring unit in lignins, was ozonized, prod- 
uct D was obtained. In a variety of ways it has been estab- 
lished that the stereochemistry of the three-carbon side 
chain of such lignin units remains largely if not completely MeO 
unchanged during oxidations like this. OMe 


O, H,O 
——5 — D 


For GC/MS, D was converted to its tetrakis(O-trimethylsilyI) derivative, which had М? 424 m/z. The IR spectrum 
of D had bands at 3000 cm ^! (broad, strong) and 1710 стг! (strong). Its 1H NMR spectrum had peaks at 6 3.7 
(multiplet, ЗН) and ô 4.2 (doublet, 1H) after treatment with 20. Its DEPT 130 NMR spectra had peaks at 6 64 
(CH2), 8 75 (CH), 6 82 (CH), and а 177 (C). What is the structure of D, including its stereochemistry? 


Learning Group Problems 


The structure of thyroxine, a thyroid hormone that helps to regulate metabolic rate, was determined in part by com- 
parison with a synthetic compound believed to have the same structure as natural thyroxine. The final step in the 
laboratory synthesis of thyroxine by Harington and Barger, shown below, involves an electrophilic aromatic sub- 
stitution. Draw a detailed mechanism for this step and explain why the iodine substitutions occur ortho to the phe- 
nolic hydroxyl and not ortho to the oxygen of the aryl ether. [One reason iodine is required in our diet (e.g., in 
iodized salt), of course, is for the biosynthesis of thyroxine.] 


| l l 
«o No аб о 
со, CO,- 
l HN“ l l HN“ 


Thyroxine 


Synthesize 2-chloro-4-nitrobenzoic acid from toluene and any other reagents necessary. Begin by writing a ret- 
rosynthetic analysis. 


Deduce the structures of compounds E-L in the roadmap below. 
HBr 


> 
Е (САН ВО X peroxides)? Е (С:НиВ') +  G(C,H,,Br,) 
meso racemate 
t-BuOK, 
t-BuOH, 
heat CO,Et 
Br Be y C.H ro , 
> 
Br мат (CH. CO,Et (2) Me;S 
О f My 
EtO,C ocr! 
| Oo 
о 
Ј (СНО, ) 


C AICI, 
CH, 
(1) Zn(Hg), HCI, Zn(Hg), HCI, 
reflux . reflux — 
K (C,,H,,0.) ————————> 
Сао = SOCI, dimid 0000 
(3) AICI, CH, 


m 
N 
М 
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Aldehydes and Ketones | 
Nucleophilic Addition to the Carbonyl Group 


Everyone has at least some first-hand sensory knowledge of aldehydes and ketones. Some aldehydes are respon- 
sible for very pleasant tastes and odors, such as vanillin from vanilla beans, benzaldehyde from almonds, and 
cinnamaldehyde from cinnamon (shown above). On the other hand, acetaldehyde (ethanal) causes the unpleas- 
ant "hangover" feeling that can result from consuming alcoholic beverages, and formaldehyde (methanal) is 
highly toxic and has a very pungent odor, as do many other aldehydes. 


jon ( y^ om A, A, 


OCH3 
Vanillin Benzaldehyde Cinnamaldehyde Acetaldehyde Formaldehyde 


Structurally, the difference between the chemical cause of hangovers and the taste of vanilla ice cream is sim- 
ply a methyl group versus a substituted phenyl group. But, what a difference this switch makes! Lovers of vanilla 
ice cream would not be pleased if the vanillin in their dessert were replaced by acetaldehyde! 

The family of ketones has similar variation in properties. Acetone, for example, is a solvent with a sharp 
odor, whereas (R)-carvone is a natural oil that has the odor of spearmint. 


O 
O 
A hd 
Acetone (R)-Carvone 
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16.1 Introduction 


@ Aldehydes have a carbonyl group bonded to a carbon atom on one side and a 
hydrogen atom on the other side. (Formaldehyde is an exception because it has 
hydrogen atoms on both sides.) 


€ Ketones have a carbonyl group bonded to carbon atoms on both sides. 


O O 
n "T 
RCHO RCOR' 
General formulas General formulas 

for an aldehyde for a ketone 


Although earlier chapters have given us some insight into the chemistry of carbonyl com- 
pounds, we shall now consider their chemistry in detail. The reason: The chemistry of the 
carbonyl group is central to the chemistry of most of the chapters that follow. 

In this chapter we focus our attention on the preparation of aldehydes and ketones, their 
physical properties, and especially nucleophilic addition reactions at their carbonyl groups. 


Acetone 


16.2 Nomenclature of Aldehydes and Ketones 


€ Aliphatic aldehydes are named substitutively in the IUPAC system by replacing the 
final -e of the name of the corresponding alkane with -al. 


Since the aldehyde group must be at an end of the carbon chain, there is no need to indi- 
cate its position. When other substituents are present the carbonyl group carbon is assigned 
position 1. Many aldehydes also have common names; these are given below in parenthe- 
ses. These common names are derived from the common names for the corresponding car- 
boxylic acids (Section 17.2A), and some of them are retained by the IUPAC as acceptable 


names. 
О О O 
"T p EU 
Methanal Ethanal Propanal 


(formaldehyde) (acetaldehyde) (propionaldehyde) 


(3 i 
O 
5-Chloropentanal Phenylethanal 


(phenylacetaldehyde) 


€ Aldehydes in which the — CHO group is attached to a ring system are named sub- 
stitutively by adding the suffix carbaldehyde. Several examples follow: 


o^ O^ се" 


Benzenecarbaldehyde Cyclohexanecarbaldehyde 2-Naphthalenecarbaldehyde 
(benzaldehyde) 
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16.2 Nomenclature of Aldehydes and Ketones 


The common name benzaldehyde is far more frequently used than benzenecarbaldehyde 
for CgHsCHO, and it is the name we shall use in this text. 


€ Aliphatic ketones are named substitutively by replacing the final -e of the name of 
the corresponding alkane with -one. 


The chain is then numbered in the way that gives the carbonyl carbon atom the lower 
possible number, and this number is used to designate its position. 


O О О 
Butanone 2-Pentanone Pent-4-en-2-one 


(ethyl methyl ketone) (methyl propyl ketone) (not 1-penten-4-one) 
(allyl methyl ketone) 
Common functional group names for ketones (in parentheses above) are obtained sim- 
ply by separately naming the two groups attached to the carbonyl group and adding the 
word ketone as a separate word. 
Some ketones have common names that are retained in the IUPAC system: 


А o^ oe 


Acetone Acetophenone Benzophenone 
(propanone) (1-phenylethanone (diphenylmethanone 
or methyl phenyl ketone) or diphenyl ketone) 
О 


When it is necessary to name the ak H group as a prefix, it is the methanoyl or formyl 
О 


group. The x. group is called the ethanoyl or acetyl group (often abbreviated as Ac). 
O 


When ak R groups are named as substituents, they are called alkanoyl or acyl groups. 


HOC © dam 
H 
о 
2-Methanoylbenzoic acid 4-Ethanoylbenzenesulfonic acid 
(o-formylbenzoic acid) (p-acetylbenzenesulfonic acid) 


Solved Problem 16.1 


Write bond-line formulas for three isomeric compounds that contain a carbonyl group and have the molecular for- 
mula C4HgO. Then give their IUPAC names. 


STRATEGY AND ANSWER Write the formulas and then name the compounds. 
© O O 


PRE PE Р 


Butanal Butanone 2-Methylpropanal 
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Review Problem 16.1 (a) Give IUPAC substitutive names for the seven isomeric aldehydes and ketones with the 
formula C5H460. (b) Give structures and names (common or IUPAC substitutive names) 


for all the aldehydes and ketones that contain a benzene ring and have the formula CgHgO. 


16.3 Physical Properties 


The carbonyl group is a polar group; therefore, aldehydes and ketones have higher boiling 
points than hydrocarbons of the same molecular weight. However, since aldehydes and 
ketones cannot have strong hydrogen bonds between their molecules, they have lower boil- 
ing points than the corresponding alcohols. The following compounds that have similar mol- 
ecular weights exemplify this trend: 


ae a - AL "RIS 


A map of electrostatic potential Butane Propanal Acetone 1-Propanol 
for acetone shows the polarity of bp —0.5°C bp 49*C bp 56.1?C bp 97.2°C 
the carbonyl C=O bond. (MW = 58) (MW = 58) (MW = 58) (MW = 60) 


Review Problem 16.2 Which compound in each of the following pairs has the higher boiling point? (Answer this 


problem without consulting tables.) 


(a) Pentanal or 1-pentanol (d) Acetophenone or 2-phenylethanol 


SO: (b) 2-Pentanone or 2-pentanol (e) Benzaldehyde or benzyl alcohol 
| 
H. H H (c) Pentane or pentanal 
`g o^ 
| 
H er Река The carbonyl oxygen atom allows molecules of aldehydes and ketones to form strong 
3 3 


hydrogen bonds to molecules of water. As a result, low-molecular-weight aldehydes and 
ketones show appreciable solubilities in water. Acetone and acetaldehyde are soluble in 
water in all proportions. 


| ТАВЈЕ 16.1 | =) Physical Properties of Aldehydes and Ketones 


Hydrogen bonding (shown 
in red) between water 
molecules and acetone 


mp bp Solubility in 

Formula Name (°C) (°C) Water 
HCHO Formaldehyde =92 =21 Very soluble 
CH3CHO Acetaldehyde —125 21 oo 
CH3CH2CHO Propanal —81 49 Very soluble 
CH3(CH»2)s>CHO Butanal —99 76 Soluble 
CH3(CH2)3CHO Pentanal = 915 102 Slightly soluble 
CH3(CH2)4CHO Hexanal —51 131 Slightly soluble 
СеН5СНО Benzaldehyde —26 178 Slightly soluble 
CgH5CH;CHO Phenylacetaldehyde 33 193 Slightly soluble 
CH3COCH3 Acetone =95 56.1 oo 
СНзСОСНСНз Butanone —86 79.6 Very soluble 
CH3COCHsCH2CH3 2-Pentanone —78 102 Soluble 
CH3CHsCOCH2CH3 3-Pentanone —39 102 Soluble 
Сана СОСНз Acetophenone 21 202 Insoluble 
CgHsCOCgHs Benzophenone 48 306 Insoluble 


Table 16.1 lists the physical properties of a number of common aldehydes and ketones. 
Some aldehydes obtained from natural sources have very pleasant fragrances. The follow- 
ing are some in addition to those we mentioned at the beginning of this chapter. 


CHO 
on pea: 
SS H 


Citronellal 
(the scent of lemon 
in certain plants) 


Salicylaldehyde 
(from meadowsweet) 


Many aldehydes and ketones have pleasant fragrances and, 
because of this, they have found use in perfumes. Originally, 
the ingredients for perfumes came from natural sources such 
as essential oils (Section 23.3), but with the development of 
synthetic organic chemistry in the nineteenth century, many 
ingredients now used in perfumes result from the creativity 
of laboratory chemists. 

Practitioners of the perfumer' art, those who blend per- 
fumes, talk of their ingredients in a language derived from 
music. The cabinet that holds the bottles containing the 
compounds that the perfumer blends is called an “organ.” 
The ingredients themselves are described as having certain 
“notes.” For example, highly volatile substances are said to 
display “head notes,” those less volatile and usually associ- 
ated with flowers are said to have “heart notes," and the 
least volatile ingredients, usually with woody, balsamic, or 
musklike aromas, are described as "base notes."* 

(2)-Јаѕтопе (with the odor of jasmine) and a-damascone 
(odor of roses) have “heart notes,” as do the ionones (with 
the odor of violets). All of these ketones can be obtained 
from natural sources. 


O О 


2-Јазтопе a-Damascone 
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CHO 


O 


o—/ 


Piperonal 
(made from safrole; 
odor of heliotrope) 


THE CHEMISTRY OF ... 


Aldehydes and Ketones in Perfumes 


xN “ 


a-lonone B-lonone 


Two ketones from exotic natural sources are muscone 
(from the Himalayan musk deer) and civetone (from the 
African civet cat). 


ee Civetone 

Stereochemistry has a marked influence on odors. For 
example, the (R)-enantiomer of muscone (depicted above) is 
described as having a “rich and powerful musk,” whereas the 
(S)-enantiomer is described as being “poor and less strong.” 
The (R)-enantiomer of a-damascone has a rose petal odor 
with more apple and fruitier notes than the (S)-enantiomer. 
*For an in-depth discussion of the perfume industry, see Fortineau, 
A.-D. “Chemistry Perfumes Your Daily Life,” J. Chem. Educ., 2004, 
81, 45-50. 


16.4 Synthesis of Aldehydes 


16.44 Aldehydes by Oxidation of 1° Alcohols 


@ The oxidation state of an aldehyde lies between that of a 1° alcohol and a carboxylic acid (Section 


12.4A). 
е) 


[0] Д. 


< “он == R 
1° Alcohol Aldehyde 


О 


[0] PN 


H == R^ “он 


Carboxylic acid 
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Aldehydes can be prepared from 1° alcohols by oxidation with pyridinium chlorochro- 
mate (СБНЕМН“ СТОЗСГ , or PCC): 


о 
R^ OH —— MN OH 
22 
1? Alcohol Aldehyde 


An example of the use of PCC in the synthesis of an aldehyde is the oxidation of 
1-heptanol to heptanal: 


о 
РСС е ла 
hc P Qu s OH —*., H 
1-Heptanol CHCl, Heptanal 
(93%) 


16.4B Aldehydes by Ozonolysis of Alkenes 


@ Alkenes can be cleaved by ozonolysis of their double bond (Section 8.17B). 
The products are aldehydes and ketones. 


In Chapter 8 we also saw how this procedure has utility in structure determination. The fol- 
lowing examples illustrate the synthesis of aldehydes by ozonolysis of alkenes. 


H 
O 
(22, ee ~78°C О x A. 
2) Me;S H 
O 
(1) O,, CH,CL, -78°C 
[y= Beacons ме ӨЕ: E n 


16.4C Aldehydes by Reduction of Acyl Chlorides, Esters, 
and Nitriles 


Theoretically, it ought to be possible to prepare aldehydes by reduction of carboxylic acids. 
In practice, this is not possible with the reagent normally used to reduce a carboxylic acid, 
lithium aluminum hydride (LiAlH4 or LAH). 


@ When any carboxylic acid is treated with LAH, it is reduced all the way to the 
1° alcohol. 

@ This happens because LAH is a very powerful reducing agent and aldehydes are 
very easily reduced. 


Any aldehyde that might be formed in the reaction mixture is immediately reduced by LAH 
to the 1° alcohol. (It does not help to use a stoichiometric amount of LAH, because as soon 
as the first few molecules of aldehyde are formed in the mixture, there will still be much 
unreacted LAH present and it will reduce the aldehyde.) 


О О 
pu LiAIH, pu LAH, дон 


R OH R H 
Carboxylic acid Aldehyde 1? Alcohol 
The secret to success here is not to use a carboxylic acid itself, but to use a derivative 


of a carboxylic acid that is more easily reduced, and an aluminum hydride derivative that 
is less reactive than LAH. 


€ Acyl chlorides (RCOCI), esters (RCOSR/), and nitriles (RCN) are all easily pre- 
pared from carboxylic acids (Chapter 17), and they all are more easily reduced. 


о 


u 
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(Acyl chlorides, esters, and nitriles all also have the same oxidation state as carboxylic acids. 
Convince yourself of this by applying the principles that you learned in Section 12.2A). 


€ Two derivatives of aluminum hydride that are less reactive than LAH, in part 
because they are much more sterically hindered, are lithium tri-tert-butoxy- 
aluminum hydride and diisobutylaluminum hydride (DIBAL-H): 


Xo = 


| 
Lit HAO 


3 Хд 


H 


Lithium tri-tert-butoxy- Diisobutylaluminum hydride 
aluminum hydride (abbreviated /-Ви,АІН or DIBAL-H) 


@ The following scheme summarizes how lithium tri-tert-butoxyaluminum hydride 
and DIBAL-H can be used to synthesize aldehydes from acid derivatives: 


О 
Д. (1) LiAIH(O-tBu),, —78*C 
R ci (2 њо 
Acyl chloride 
fe) O 
A (1) DIBAL-H, hexane, —78°C , E 
R om (2) њо R H 
Ester Aldehyde 
R—=N (1) DIBAL-H, hexane 
Nitrile dis 


We now examine each of these aldehyde syntheses in more detail. 


Aldehydes from Acyl Chlorides: RCOCI — RCHO 


9 Acyl chlorides can be reduced to aldehydes by treating them with 
LiAIH[OC(CH3)s]s. lithium tri-tert-butoxyaluminum hydride, at —78°C. 


@ Carboxylic acids can be converted to acyl chlorides by using SOCI, (see 
Section 15.7). 


о о о 


Д. SOCI, A. (1) ЦАЈН(О-ЕВи),, Et,O, —78°C pu 
xr > 


R OH R CI (2)H,0 R H 


The following is a specific example: 


о о 
СІ (1) LiAIH(O-t-Bu),, Et,O, -78°C H 
(2) H,O 
OMe OMe 
3-Methoxy-4-methylbenzoyl chloride 3-Methoxy-4-methylbenzaldehyde 


Mechanistically, the reduction is brought about by the transfer of a hydride ion from the 
aluminum atom to the carbonyl carbon of the acyl chloride (see Section 12.3). Subsequent 
hydrolysis frees the aldehyde. 
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A MECHANISM FOR THE REACTION 


Reduction of an Acyl Chloride to an Aldehyde 


oot 
(6 
T / - 
ys LiAIH[OC(CH,)3], |— Dod +  AIH[OC(CHj)j]s 
ASC :Cl: 
S 5 
:Cl 3 
Li 1 
le 
CO: AI OC(CHjj, Ok 
/ | | 
па 2н — ixi АПОС(СН;) ја — 
:CI : le 
Transfer of a hydride ion to the Acting as a Lewis acid, the aluminum 
carbonyl carbon brings about atom accepts an electron pair from oxygen. 
the reduction. 
ep AISA /—AIOC(CHJ, p 
R—C—H Lit ESSI: SEL mc 
x X 
НОЈЕ H H 
This intermediate loses The addition of water causes hydrolysis 
a chloride ion as an electron of this aluminum complex to take place, 
pair from the oxygen assists. producing the aldehyde. 


(Several steps are involved.) 


Solved Problem 16.2 


Provide the reagents for transformations (1), (2), and (3). 


О О О 
H | H 
weor40"4+0 


STRATEGY AND ANSWER In (1), we must oxidize methylbenzene to benzoic acid. To do this we use hot potas- 
sium permanganate in a basic solution followed by an acidic workup (see Section 15.13C). For (2), we must con- 
vert a carboxylic acid to an acid chloride. For this transformation we use thionyl chloride or phosphorus pentachloride 
(see Section 15.7). For (3), we must reduce an acid chloride to an aldehyde. For this we use lithium tri-tert-butoxya- 
luminum hydride (see above). 


Aldehydes from Esters and Nitriles: RCO.R’ — RCHO and RC=N — RCHO 
€ Both esters and nitriles can be reduced to aldehydes by DIBAL-H. 


Carefully controlled amounts of DIBAL-H must be used to avoid overreduction, and the ester 
reduction must be carried out at low temperatures. Both reductions result in the formation of 
a relatively stable intermediate by the addition of a hydride ion to the carbonyl carbon of the 
ester or to the carbon of the —C=N group of the nitrile. Hydrolysis of the intermediate lib- 
erates the aldehyde. Schematically, the reactions can be viewed in the following way. 


16.4 Synthesis of Aldehydes 


о 
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А MECHANISM FOR THE REACTION 


Reduction of an Ester t 


o an Aldehyde 


jer esu pu :O—All(i-Bu), B 
R—C H — МАЈУ — |R—C—H H. о 
\ \ | D: 
:OR’ :OR' :ОВ' H 


The aluminum atom accepts an 
electron pair from the carbonyl 
oxygen atom in a Lewis 
acid-base reaction. 


R—C=N mU i-Bu), 
H 


Transfer of a hydride ion to 
the carbonyl carbon brings 
about its reduction. 


Addition of water at the 

end of the reaction hydrolyzes 
the aluminum complex and 
produces the aldehyde. 


A MECHANISM FOR THE REACTION 


Reduction of a Nitrile to an Aldehyde 


— 


СЕ 


H 


Al(i-Bu), 


— 


The aluminum atom accepts an 


Transfer of a hydride ion to the 


nitrile carbon brings about its 
reduction. 


electron pair from the nitrile 
in a Lewis acid-base reaction. 


NAMBU P 
R- n 
N N 
H H 


Addition of water at the 

end of the reaction hydrolyzes 

the aluminum complex and 
produces the aldehyde. 

(Several steps are involved. 

See Section 16.8 relating to imines.) 


The following specific examples illustrate these syntheses: 


О OAI(i-Bu), О 
E v a но, ЗА 
OEt hexane, -78°C H H 
OEt 88% 
NAI(/-Bu), 


о 
(FBu) AIH > -—— n H,O > — ee 
hexane H H 


ZA NN 
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Solved Problem 16.3 


What is the product of the following reaction? 


O 
О 
(1) DIBAL-H, hexane, —78*C 
» 


(2) H2O у 


STRATEGY AND ANSWER The starting compound is a cyclic ester, so the product would be an aldehyde that also 
contains an alcohol hydroxyl group. 


O 


Fee NUS H 
Solved Problem 16.4 


Starting with benzyl alcohol, outline a synthesis of phenylethanal. 


a OH " =0 
| 


STRATEGY AND ANSWER Convert the benzyl alcohol to benzyl bromide with PBrs, then replace the bromine by 
cyanide in an 542 reaction. Lastly, reduce the nitrile to phenylethanal. 


— — ——— 
(2) НО 


Review Problem 16.3 Show how you would synthesize propanal from each of the following: (a) 1-propanol and 
(b) propanoic acid (CH3CH2CO5H). 


16.5 Synthesis of Ketones 


165A Ketones from Alkenes, Arenes, and 2° Alcohols 
We have seen three laboratory methods for the preparation of ketones in earlier chapters: 
1. Ketones (and aldehydes) by ozonolysis of alkenes (discussed in Section 8.17B). 
R R" R R" 
| ( (1) Os Е = = 
(2) Me;S Bb tp 
R' H R' H 
Ketone Aldehyde 


2. Ketones from arenes by Friedel-Crafts acylations (discussed in Section 15.7). For 
example: 


(0) 


o 
O + J 2806. 8. на 
R^ За 


An alkyl aryl 
ketone 


о 


u 
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Alternatively, 
о 


о 
СІ 
о7о- СО 


A diaryl ketone 


3. Ketones from secondary alcohols by oxidation (discussed in Section 12.4): 


OH o 
A. H,CrO, AÀ 


R В’ R’ 


16.5B Ketones from Nitriles 


Treating a nitrile (R—C=N) with either a Grignard reagent or an organolithium reagent 
followed by hydrolysis yields a ketone. 


General Reactions 
N-Mg*X О 
R—N + в—мх — A mo ДА = NH, + ма» + X 
R^ ^R R^ ^R 
N- Li* О 
R—=N + R—li — Е.Е AO, em + NH + Li? 


The mechanism for the acidic hydrolysis step is the reverse of one that we shall study for 
imine formation in Section 16.8A. 


Specific Examples 


CN 

Li (1) Et,O 

(T Wo CONGRESS "aur 

O 
CN MgBr TO 
luf СУ (1) ЕО 
+ ———— 

(2) НО“ 


2-Суапоргорапе 2-Methyl-1-phenylpropanone 
(isopropyl phenyl ketone) 
Even though a nitrile has a triple bond, addition of the Grignard or lithium reagent takes 
place only once. The reason: If addition took place twice, this would place a double neg- 
ative charge on the nitrogen. 


Er N?- 2 Lit 
PET N Li R'—Li 

pe SU. —— p 

zi Д. RAOR 


R R’ R’ 
(The dianion 
does not form.) 
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Solved Problem 16.5 


ILLUSTRATING A MULTISTEP SYNTHESIS With 1-butanol as your only organic starting compound, devise a syn- 
thesis of 5-nonanone. Begin by writing a retrosynthetic analysis. 


ANSWER Retrosynthetic disconnection of 5-nonanone suggests butylmagnesium bromide and pentanenitrile as 
immediate precursors. Butylmagnesium bromide can, in turn, be synthesized from 1-bromobutane. Pentanenitrile 
can also be synthesized from 1-bromobutane, via 52 reaction of 1-bromobutane with cyanide. To begin the syn- 
thesis, I-bromobutane can be prepared from 1-butanol by reaction with phosphorus tribromide. 


Retrosynthetic Analysis 
E 
О Tu 
Pentanenitrile 
eee = + > ВЕСЕО 


5-Мопапопе BMJ ~ У 1-Bromobutane 1-Butanol 


Butylmagnesium bromide 


Synthesis 


UN 
s ee ee ) Add RMgBr 


PBr, i ET 
) H,O* 
Review Problem 16.4 Provide the reagents and indicated intermediates in each of the following syntheses. 


O- + -Ow-O*-O¢ 
(Сењ — OK - OK = ОК, 
Ol - OX 
O- OK 
(6 == 


о 


\! 
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16.6 Nucleophilic Addition to the Carbon-Oxygen Double Bond 


@ The most characteristic reaction of aldehydes and ketones 15 nucleophilic addition 
to the carbon-oxygen double bond. 


General Reaction 
O OH 
pu + Nu—H == 2 
R H R H 
Nu 
Specific Examples 
O OH 
Д. + EtO—H == 
H H 
OEt 
A hemiacetal 


(see Section 16.7) 


О он 
PN + HCN == 

Н 

CN 


A cyanohydrin 
(see Section 16.9) 


Aldehydes and ketones are especially susceptible to nucleophilic addition because of the 
structural features that we discussed in Section 12.1 and which are shown below. 


Nu В’ Ac 
o е | n O 


В’, ~ 8— == 
n» С=0: or Ми — " re + Ав С 
R d € | 
Aldehyde or ketone The nucleophile may R Nu 
(R or R’ may be H) attack from above or below. 


@ The trigonal planar arrangement of groups around the carbonyl carbon atom means 
that the carbonyl carbon atom is relatively open to attack from above or below the 
plane of the carbonyl group (see above). 


@ The positive charge on the carbonyl carbon atom means that it is especially sus- 
ceptible to attack by a nucleophile. 


@ The negative charge on the carbonyl oxygen atom means that nucleophilic addition 
is susceptible to acid catalysis. 


Nucleophilic addition to the carbon-oxygen double bond occurs, therefore, in either of 
two general ways. 


1. When the reagent is a strong nucleophile (Nu: ), addition usually takes place in 
the following way (see the mechanism box on the following page), converting the 
trigonal planar aldehyde or ketone into a tetrahedral product. 


In this type of addition the nucleophile uses its electron pair to form a bond to the 
carbonyl carbon atom. As this happens the electron pair of the carbon-oxygen т 
bond shifts out to the electronegative carbonyl oxygen atom and the hybridization 
state of both the carbon and the oxygen changes from sp? to sp?. The important 
aspect of this step is the ability of the carbonyl oxygen atom to accommodate the 
electron pair of the carbon-oxygen double bond. 
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A MECHANISM FOR THE REACTION 


Addition of a Strong Nucleophile to an Aldehyde or Ketone 


(a) 
СЭЗ te ЕЕС 
Nu: vo —— P : E gl u 
\ LR = R / R / 
(b) H R 
Trigonal planar Tetrahedral Tetrahedral 
intermediate product 
(plus enantiomer) (plus enantiomer) 
Fs Мо 
In this step the nucleophile forms а bond to In the second step the alkoxide 
the carbon by donating an electron pair to the oxygen, because it is strongly basic, 
top or bottom face of the carbonyl group [path removes a proton from H—Nu or 
(a) or (b)]. An electron pair shifts out to the some other acid. 


oxygen. 


In the second step the oxygen atom accepts a proton. This happens because the 
oxygen atom is now much more basic; it carries a full negative charge as an alkox- 
ide anion. 

2. When an acid catalyst is present and the nucleophile is weak, reaction of the car- 
bonyl oxygen with the acid enhances electrophilicity of the carbonyl group. 


A MECHANISM FOR THE REACTION 


Step 1 
В, он n Rin, C ÓH Rin, C ÓH A 
=== + — p === <> — + rim 
pr m4 ee d æ 
(or a Lewis 
acid) 
In this step an electron pair of the carbonyl oxygen accepts a proton from the acid (or associates 
with a Lewis acid), producing an oxonium cation. The carbon of the oxonium cation is more 
susceptible to nucleophilic attack than the carbonyl of the starting ketone. 
Step 2 
H 
(У pos 
+ 
Ri, Ae ae DAS bs 
OT Nu— = с0а 4 O ae hl 
ac ee n ad 
R R 


In the first of these two steps, the oxonium cation accepts the electron pair of the nucleophile. 
In the second step, a base removes a proton from the positively charged atom, regenerating the acid. 


16.6 Nucleophilic Addition to the Carbon-Oxygen Double Bond 


This mechanism operates when carbonyl compounds are treated with strong acids in the pres- 
ence of weak nucleophiles. In the first step the acid donates a proton to an electron pair of 
the carbonyl oxygen atom. The resulting protonated carbonyl compound, an oxonium cation, 
is highly reactive toward nucleophilic attack at the carbonyl carbon atom because the car- 
bonyl carbon atom carries more positive charge than it does in the unprotonated compound. 


16.6A Reversibility of Nucleophilic Additions to the 
Carbon-Oxygen Double Bon 


€ Many nucleophilic additions to carbon-oxygen double bonds are reversible; the 
overall results of these reactions depend, therefore, on the position of an equilibrium. 


This contrasts markedly with most electrophilic additions to carbon-carbon double bonds 
and with nucleophilic substitutions at saturated carbon atoms. The latter reactions are essen- 
tially irreversible, and overall results are a function of relative reaction rates. 


16.6B Relative Reactivity: Aldehydes versus Ketones 


9 In general, aldehydes are more reactive in nucleophilic additions than are ketones. 
Both steric and electronic factors favor aldehydes. 


Steric Factors In aldehydes, where one group is a hydrogen atom, the central carbon 
of the tetrahedral product formed from the aldehyde is less crowded and the product is more 
stable. Formation of the product, therefore, is favored at equilibrium. With ketones, the two 
alkyl substituents at the carbonyl carbon cause greater steric crowding in the tetrahedral 
product and make it less stable. Therefore, a smaller concentration of the product is pre- 
sent at equilibrium. 


Electronic Factors Because alkyl groups are electron releasing, aldehydes are more 
reactive on electronic grounds as well. Aldehydes have only one electron-releasing group 
to partially neutralize, and thereby stabilize, the positive charge at their carbonyl carbon 
atom. Ketones have two electron-releasing groups and are stabilized more. Greater stabi- 
lization of the ketone (the reactant) relative to its product means that the equilibrium con- 
stant for the formation of the tetrahedral product from a ketone is smaller and the reaction 
is less favorable: 


OF О“ 
a a 
Aldehyde Ketone 


The Ketone carbonyl carbon is less positive because it has two 
electron-releasing alkyl groups. 


On the other hand, electron-withdrawing substituents (e.g., —CF3 or —CClg groups) 
cause the carbonyl carbon to be more positive (and the starting compound to become less 
stable), causing the addition reaction to be more favorable. 


16.6C Addition Products Can Undergo Further Reactions 


Nucleophilic addition to a carbonyl group may lead to a product that is stable under the 
reaction conditions that we employ. If this is the case we are then able to isolate products 
with the following general structure: 


OH 


R R' 
Nu 


о 


О) 743 


Helpful Hint 


Any compound containing a 
positively charged oxygen atom 
that forms three covalent bonds is 
an oxonium cation. 
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In other reactions the product formed initially may be unstable and may spontaneously 
undergo subsequent reactions. One common subsequent reaction is an elimination reac- 
tion, especially dehydration. Even if the initial addition product is stable, we may deliber- 
ately bring about a subsequent reaction by our choice of reaction conditions. 


Review Problem 16.5 The reaction of an aldehyde or ketone with a Grignard reagent (Section 12.8) is a nucle- 
ophilic addition to the carbon-oxygen double bond. (a) What is the nucleophile? (b) The 
magnesium portion of the Grignard reagent plays an important part in this reaction. What 
is its function? (c) What product is formed initially? (d) What product forms when water 
is added? 


Review Problem 16.6 The reactions of aldehydes and ketones with ЦАЈН, and NaBH, (Section 12.3) are nucle- 
ophilic additions to the carbonyl group. What is the nucleophile in these reactions? 


16.7 The Addition of Alcohols: Hemiacetals and Acetals 


€ Aldehydes and ketones react with alcohols to form hemiacetals and acetals by an 
equilibrium reaction. 


16.7A Hemiacetals 


@ The essential structural features of a hemiacetal are an — OH and an — OR group 
attached to the same carbon atom. 
The hemiacetal results by nucleophilic addition of an alcohol oxygen to the carbonyl car- 
bon of an aldehyde or ketone. 


A MECHANISM FOR THE REACTION 


Hemiacetal Formation 


| 
ИЕ. I m I а 
C=O + HÓ—R == Е — C 
H H 0:- H O—H 
Aldehyde Alcohol Hemiacetal (usually 
(or ketone) too unstable to isolate) 
| ——————————ÀD 
In this step the alcohol In two intermolecular steps, a proton is 
attacks the carbonyl carbon. removed from the positive oxygen and a 


proton is gained at the negative oxygen. 


@ Most open-chain hemiacetals are not sufficiently stable to allow their isolation. 
Cyclic hemiacetals with five- or six-membered rings, however, are usually much 
more stable. 


о 
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+_H 
oa, О O Hemiacetal: OH and OR groups bonded 
H^ и М Мо = | to the same carbon 
Ox OH 
Butanal-4-ol A cyclic hemiacetal 


Most simple sugars (Chapter 22) exist primarily in a cyclic hemiacetal form. Glucose 
is an example: 


OH Hemiacetal: OH and OR groups bonded 
to the same carbon 
О 
НО 
HO OH 
OH 
(+)-Glucose 


(a cyclic hemiacetal) 


Whether the carbonyl reactant is an aldehyde or a ketone, the product with an — OH 
and an —OR group is called a hemiacetal. 


T 
O + HO—R == n = 5 
В R O: steps R O—H 


Ketone Hemiacetal 


@ The formation of hemiacetals is catalyzed by acids and bases. 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Hemiacetal Formation 


Hs И PE SUM p и 


+ 
O—R' == 


C—Ó + H C—O + *0—R' == 
VAS 55 | J (GES | 
H R H H 

(R" may be H) An alcohol molecule adds to the 
Protonation of the carbon of the oxonium cation. 
aldehyde or ketone 
oxygen atom makes the 
carbonyl carbon more + p ZR TM . 
susceptible to nucleophilic R'—O02 i | :O—R’ 
attack. [The protonated lw H | 5 


alcohol results from reaction R”—C—O—H Не НО Ро 
of the alcohol (present in | | 
excess) with the acid R R H 
catalyst, e.g., gaseous The transfer of a proton from the positive oxygen to another 
(anhydrous) HCI.] molecule of the alcohol leads to the hemiacetal. 
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A MECHANISM FOR THE REACTION 


Base-Catalyzed Hemiacetal Formation 


C=O Ri Ca Om ВО ЕЕ: ОВ; 
J+ Cas | | 
R R 
(R” may be H) The alkoxide anion abstracts a proton 
An alkoxide anion acting as a from an alcohol molecule to produce the 
nucleophile attacks the carbonyl hemiacetal and regenerates an alkoxide anion. 


carbon atom. An electron pair 
shifts onto the oxygen atom, 
producing a new alkoxide anion. 


Aldehyde Hydrates: gem-Diols Dissolving an aldehyde such as acetaldehyde in water 
causes the establishment of an equilibrium between the aldehyde and its hydrate. This 
hydrate is in actuality a 1,1-diol, called a geminal diol (or simply a gem-diol). 


O—H 
Acetaldehyde S=0 + H,O == х Hydrate 
H O—H (a gem-diol) 


The gem-diol results from a nucleophilic addition of water to the carbonyl group of the aldehyde. 


A MECHANISM FOR THE REACTION 


Hydrate Formation 


нс OH H,C, :OH 
e dcm ЕС cd БЕУ cá 
u^ 5+ Св PA 2%, 
H [9r- H :OH 
a ом 
In this step water attacks In two intermolecular steps a proton is lost 
the carbonyl carbon atom. from the positive oxygen atom and a proton 


is gained at the negative oxygen atom. 


The equilibrium for the addition of water to most ketones is unfavorable, whereas some 
aldehydes (e.g., formaldehyde) exist primarily as the gem-diol in aqueous solution. 

It is not possible to isolate most gem-diols from the aqueous solutions in which they are 
formed. Evaporation of the water, for example, simply displaces the overall equilibrium to 
the right and the gem-diol (or hydrate) reverts to the carbonyl compound: 


HO. OH O 


bd distillation JL. + HO 


R^ ^H R^ ^H 


Compounds with strong electron-withdrawing groups attached to the carbonyl group can 
form stable gem-diols. An example is the compound called chloral hydrate: 
HO, OH 


ae H 


Chloral hydrate 


16.7 The Addition of Alcohols: Hemiacetals and Acetals 


Dissolving formaldehyde in water leads to a solution containing primarily the gem-diol 
СН(ОН)2. Show the steps in its formation from formaldehyde. 


When acetone is dissolved in water containing 180 instead of ordinary '°O (i.e., H2180 
80 


instead of Hj! 60), the acetone soon begins to acquire 180 and becomes | . The 

CH,CCH, 
formation of this oxygen-labeled acetone is catalyzed by traces of strong acids and by strong 
bases (e.g., ОНГ). Show the steps that explain both the acid-catalyzed reaction and the base- 
catalyzed reaction. 


16.7B Acetals 
@ An acetal has two —OR groups attached to the same carbon atom. 


If we take an alcohol solution of an aldehyde (or ketone) and pass into it a small amount 
of gaseous HCI, a hemiacetal forms, and then the hemiacetal reacts with a second molar 
equivalent of the alcohol to produce an acetal. 


о 


; HO, OR R'O OR' 
R'OH HCI 
pu == X —— » 4 + HOH 
R R" R R" R'OH R R" 
A hemiacetal An acetal 
(R" may be H) (R" may be H) 


Shown below is the structural formula for sucrose (table sugar). Sucrose has two acetal 
groupings. Identify these. 


OH 


OH 


@ The mechanism for acetal formation involves acid-catalyzed formation of the 
hemiacetal, then an acid-catalyzed elimination of water, followed by a second 
addition of the alcohol and loss of a proton. 


@ АП steps in the formation of an acetal from an aldehyde are reversible. 


If we dissolve an aldehyde in a large excess of an anhydrous alcohol and add a small 
amount of an anhydrous acid (e.g., gaseous HCI or concentrated H2SO,), the equilibrium 
will strongly favor the formation of an acetal. After the equilibrium is established, we can 
isolate the acetal by neutralizing the acid and evaporating the excess alcohol. 

If we then place the acetal in water and add a catalytic amount of acid, all of the steps 
reverse. Under these conditions (an excess of water), the equilibrium favors the formation 
of the aldehyde. The acetal undergoes hydrolysis: 


O 


R'O OR’ Tn 
+ HO = + 2R'OH 
s = (вемега! У 


steps) 
Acetal Aldehyde 


о 
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Review Problem 16.7 


Review Problem 16.8 


Review Problem 16.9 


Helpful Hint 


Equilibrium conditions govern the 
formation and hydrolysis of 
hemiacetals and acetals. 
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A MECHANISM FOR THE REACTION 


Acid-Catalyzed Acetal Formation 


А ng 
co : 


O—R’ 


RES :O—R’ 
" i H 65 Н І i 
‘c= неб— = Е ЕЕ EE EL exe ee 
Ja E | A EN | | | 


—— m 
Nucleophilic addition of 
the first alcohol molecule 


Proton transfer to the Proton removal from the positive oxygen results in 
carbonyl oxygen 


formation of a hemiacetal. 


, 


:6—в' H7O—R 
|] c 


:O—R’ 
Sj Сҹ nie 5 
H—C—O—H H—C--OH, === (C—O. + H,O 
| —_ 


Protonation of the hydroxyl group leads to elimination of water 
and formation of a highly reactive oxonium cation. 


| qu 
H [EE боље 
9 R'—0—H 


У :Ó—R' 
R'—0—H 


Li 


C=O: H—C—O—R’ H—C—O—R’ + В'ОН,+ 
PA RES | m | m 
R R R R 


Attack on the carbon of the oxonium ion by a second molecule of the alcohol, followed by 
removal of a proton, leads to the acetal. 


Review Problem 16.10 Write a detailed mechanism for the formation of an acetal from benzaldehyde and methanol 


in the presence of an acid catalyst. 
Cyclic Acetals 


@ Cyclic acetal formation is favored when a ketone ог an aldehyde is treated with an 
excess of a 1,2-diol and a trace of acid: 


О / \ 


но, O ‚о 
+ HO — + H,O 
oe TRU RC OH e e. 2 
Ketone (excess) Cyclic acetal 


This reaction, too, can be reversed by treating the acetal with aqueous acid: 


N О 


о о но" 
+ но == + но 
NS z mo У “он 


Acetal formation is not favored when ketones are treated with simple alcohols and gaseous НСІ. 


16.7 The Addition of Alcohols: Hemiacetals and Acetals 


Outline all steps in the mechanism for the formation of a cyclic acetal from acetone and 
ethylene glycol (1,2-ethanediol) in the presence of gaseous HCI. 


16.7C  Acetals Are Used as Protecting Groups 


9€ Although acetals are hydrolyzed to aldehydes and ketones in aqueous acid, acetals 
are stable in basic solutions: 


R'O OR' OH- 
X =o” Мо reaction 
R H = 

О О он- 
x To No reaction 
R R 


9 Acetals are used to protect aldehydes and ketones from undesired reactions in 
basic solutions. 


We can convert an aldehyde or ketone to an acetal, carry out a reaction on some other part 
of the molecule, and then hydrolyze the acetal with aqueous acid. 
As an example, let us consider the problem of converting 


о 


о OEt to Oy en 


A B 


Keto groups are more easily reduced than ester groups. Any reducing agent (e.g., LiAIH4 
or H2/Ni) that can reduce the ester group of A reduces the keto group as well. But if we 
"protect" the keto group by converting it to a cyclic acetal (the ester group does not react), 
we can reduce the ester group in basic solution without affecting the cyclic acetal. After 
we finish the ester reduction, we can hydrolyze the cyclic acetal and obtain our desired 
product, B: 


O о 
о 
O он НА ." oet 1A, 
HOCH,CH,OH о Et,O 
(2) H,O 


о 
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Review Problem 16.11 


Helpful Hint 


Protecting groups are strategic 
tools for synthesis. See Sections 
11.11D, 11.11E, and 12.9 also. 


о 
a Xo = add. 
o н.о 
В 


What product would be obtained if А were treated with lithium aluminum hydride with- 
out first converting it to a cyclic acetal? 


Review Problem 16.12 


750 Chapter 16 Aldehydes and Ketones 


Review Problem 16.13 (a) Show how you might use a cyclic acetal in carrying out the following transformation: 


O OH 
еу" 
А С 


(b) Why would a direct addition of methylmagnesium bromide to A fail to give C? 


Review Problem 16.14 Dihydropyran reacts readily with an alcohol in the presence of a trace of anhydrous НС! 
or H2SO, to form a tetrahydropyranyl (THP) ether: 


SES E 


O О OR 
Dihydropyran Tetrahydropyranyl 
ether 


(a) Write a plausible mechanism for this reaction. (b) Tetrahydropyranyl ethers are stable 
in aqueous base but hydrolyze rapidly in aqueous acid to yield the original alcohol and 
another compound. Explain. (What is the other compound?) (c) The tetrahydropyranyl group 
can be used as a protecting group for alcohols and phenols. Show how you might use it in 
a synthesis of 5-methyl-1,5-hexanediol starting with 4-chloro-1-butanol. 


О Rs SR’ 
| | T. 
16.7D Thioacetals „С. — РА 


€ Aldehydes and ketones react with thiols to form thioacetals: 


O 
EtS, SEt 
pu 2 EtSH, HA УС + HO 


R^ ^H RH 


Thioacetal 


A. hg и Ра S 8 


+ HO 
R^ ^R ROR’ 


Cyclic thioacetal 


Helpful Hint Thioacetals are important in organic synthesis because they react with hydrogen and 
A method for reducing the Raney nickel to yield hydrocarbons. Raney nickel is a special nickel catalyst that contains 


carbonyl group of aldehydes and adsorbed hydrogen. 
ketones to — СН, — groups. 


@ Thioacetal formation with subsequent “desulfurization” with hydrogen and Raney 
nickel gives us an additional method for converting carbonyl groups of aldehydes 
and ketones to — CHo—- groups: 


S. US H,Raneyni H, „H 
a + HS + NiS 
а“ a У “8н 


The other method we have studied is the Clemmensen reduction (Section 15.9). 


Review Problem 16.15 Show how you might use thioacetal formation and Raney nickel desulfurization to convert: 
(a) cyclohexanone to cyclohexane and (b) benzaldehyde to toluene. 


о 
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16.8 The Addition of Primary and Secondary Amines 


€ Aldehydes and ketones react with primary amines to form imines and with sec- 
ondary amines to form enamines. 


Imines have a carbon-nitrogen double bond. Enamines have an amino group joined to a 
carbon-carbon double bond (they are alkeneamines). 


From a 


1? amine пева 
3 
nok | R5 
A vw 
А! R? R? R4 
Imine Enamine 
R', R?, ВЗ = C or H; 


В“, R? = С 


16.8А Imines 


A general equation for the formation of an imine from а primary amine апа ар aldehyde 
or ketone is shown here. Imine formation is acid catalyzed, and the product can form as a 
mixture of (E) and (Z) isomers: 


R! R! R3 

А + H4O* / T 
)»—Gd + HÄR === NS + BÓ 
R? R? 
Aldehyde 1? Amine Imine 
or ketone [(E) and (Z) isomers] 


Imine formation generally takes place fastest between pH 4 and 5 and is slow at very 
low or very high pH. We can understand why an acid catalyst is necessary if we consider 
the mechanism that has been proposed for imine formation. The important step is the step 
in which the protonated aminoalcohol loses a molecule of water to become an iminium ion. 
By protonating the alcohol group, the acid converts a poor leaving group (an — OH group) 
into a good one (an — ОН" group). 


A MECHANISM FOR THE REACTION 


Imine Formation 


= .. 
NH,—R NH —R 
1 ас Ne но“ 
РО + H,N—R = TER = po = 
i он 
Aldehyde 1? Amine Dipolar Aminoalcohol 
or ketone intermediate 
The amine adds to the carbonyl group Intermolecular proton transfer from nitrogen 


to form a dipolar tetrahedral intermediate. to oxygen produces an aminoalcohol. 
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CNH —R D H pes = 
Wee —H,O DNE d :OH; К - 
PN = Ze ym = P. N ИНО 
Сон; R "us 
Protonated Iminium ion Imine 
aminoalcohol [(E) and (Z) isomers] 
Protonation of the oxygen Transfer of a proton to water 
produces a good leaving group. produces the imine and regenerates 
Loss of a molecule of water the catalytic hydronium ion. 


yields an iminium ion. 


Helpful Hint 


See "The Chemistry of . . . A Very 
Versatile Vitamine, Pyridoxine 
(Vitamin Bg)” on the next page, 
and “The Chemistry of... Pyridoxal 
Phosphate” in WileyPLUS. 


The reaction proceeds more slowly if the hydronium ion concentration is too high, 
because protonation of the amine itself takes place to a considerable extent; this has the 
effect of decreasing the concentration of the nucleophile needed in the first step. If the con- 
centration of the hydronium ion is too low, the reaction becomes slower because the con- 
centration of the protonated aminoalcohol becomes lower. A pH between pH 4 and pH 5 
is an effective compromise. 

Imine formation occurs in many biochemical reactions because enzymes often use an 
—NHe group to react with an aldehyde or ketone. An imine linkage is important in the 
biochemistry of pyridoxal phosphate (which is related to vitamin Bg; see “Тһе Chemistry 
of .. " box on the next page), and in one step of the reactions that take place during the 
visual process (see “The Photochemistry of Vision,” Section 13.9). 

Imines are also formed as intermediates in a useful laboratory synthesis of amines that 
we shall study in Section 20.4. 


16.88 Oximes and Hydrazones 


€ Compounds such as hydroxylamine (NH2OH), hydrazine (NH2NH»), and substi- 
tuted hydrazines such as phenylhydrazine (CgHsNHNHo) and 2,4-dinitrophenylhy- 
drazine, form C—N derivatives of aldehydes and ketones. 


These derivatives are called oximes, hydrazones, phenylhydrazones, and 2,4-dinitro- 
phenylhydrazones, respectively. The mechanisms by which these C—N derivatives form 
are similar to the mechanism for imine formation from a primary amine. As with imines, 
the formation of (E) and (Z) isomers is possible. Table 16.2 shows general examples of these 
reactions. 


СЗЭ 3 Reactions of Aldehydes and Ketones with Derivatives of Ammonia 


1. Imine formation—reaction with a primary amine 


X 
C=O 
/ 


Aldehyde ог 
Кеїопе 


R 
3 N # 
+ H;N—R > Pu + HO 


A 1? amine An imine 
[(E) and (Z) isomers] 


2. Oxime formation—reaction with hydroxylamine 


OH 
N N А 
C=O + H;N—OH —> C=N, + НО 
/ Pd | 
Aldehyde Hydroxylamine An oxime 
or ketone [(E) and (Z) isomers] 


о 
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3. Hydrazone and substituted hydrazone formation—reactions with hydrazine, phenylhydrazine, 
and 2,4-dinitrophenylhydrazine [each derivative can form as an (E) or (Z) isomer] 


N N Ans 
== 5 = N N 
JOTO SPERARE po TED C=O * HjNNHC,H, — /C—NNHCH, + H,O 
e Hydrazine A hydrazone Phenylhydrazine A phenylhydrazone 
N N 
„ “о + H,NNH 2 NO, > Je NNH С) NO, + H,O 
NO, NO, 


2,4-Dinitrophenylhydrazine A 2,4-dinitrophenylhydrazone 


4. Enamine formation—reaction with a secondary amine 


Gan R 
" | 
P: ~ 
= LHA N у 
m Ў +H—Ñ—R == Yo=c R + HOH 
: А 
Secondary amine Enamine 


Oximes and the various hydrazone derivatives of aldehydes and ketones are sometimes 
used to identify unknown aldehydes and ketones. These derivatives are usually relatively insol- 
uble solids that have sharp, characteristic melting points. The melting point of the derivative 
of an unknown compound can be compared with the melting point for the same derivative of 
a known compound or with data found in a reference table, and on this basis one can pro- 
pose an identity for the unknown compound. Most laboratory textbooks for organic chem- 
istry include extensive tables of derivative melting points. The method of comparing melting 
points is only useful, however, for compounds that have derivative melting points previously 
reported in the literature. Spectroscopic methods (especially IR, NMR, and mass spectrom- 
etry) are more generally applicable to identification of unknown compounds (Section 16.13). 


THE CHEMISTRY OF... 


A Very Versatile Vitamin, Pyridoxine (Vitamin Bg) 


Pyridoxal phosphate (PLP) is at the heart of chemistry con- 
ducted by a number of enzymes. Many of us know the coen- 
zyme pyridoxal phosphate by the closely related vitamin from 
which it is derived in our diet—pyridoxine, or vitamin Bg. 
Wheat is a good dietary source of vitamin Bg. Although pyri- 
doxal phosphate (see below and the model) is a member of 
the aldehyde family, when it is involved in biological chemistry, 
it often contains the closely related functional group with a car- 
bon-nitrogen double bond, the imine group. 


Pyridoxal phosphate (vitamin Bg). 


ris 
Q- Q- 
Oo H о \ м 
оҳ / ^o^ CH,OH Pd "RE ~H 
~ Е те O- 
g °? ~ 9 HO D 9 O o d 
РІ 
№2 “сн, Nf “сн, N “сн, 
| | | 
H H H 


Pyridoxal phosphate (PLP) Pyridoxine PLP with an imine group 
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Some enzymatic reactions that involve PLP include O 
transaminations, which convert amino acids to ketones for R l 
use in the citric acid cycle and other pathways; decarboxy- ~c” “он 
lation of amino acids for biosynthesis of neurotransmitters transamination L 
such as histamine, dopamine, and serotonin; and inversion M y 
of amino acid chirality centers, such as required for the 0 ? 
biosynthesis of cell walls in bacteria. Pe inversion P c^ ou 
H NH, HN H 
An а-атіпо E 
decarboxylation RT UH 
та 
H NH 


2 


16.8C Enamines 


Aldehydes and ketones react with secondary amines to form enamines. The following is a 
general equation for enamine formation: 


T 4 R$ 
se + H—N—R& 2. "и + HO 
а | E | 

R? R4 R3 
R2 
Secondary amine Enamine 


A mechanism for the reaction is given in the box below. Note the difference between 
the previously described mechanism for imine formation and this mechanism for enamine 
formation. In enamine formation, which involves a secondary amine, there is no proton for 
removal from the nitrogen in the iminium cation intermediate. Hence, a neutral imine can- 
not be formed. A proton is removed from a carbon adjacent to the former carbonyl group 
instead, resulting in an enamine. We shall see in Chapter 18 that enamines are very useful 
for carbon-carbon bond formation (Section 18.9). 

Tertiary amines do not form stable addition products with aldehydes and ketones because, 
on forming the tetrahedral intermediate, the resulting formal positive charge cannot be neu- 
tralized by loss of a proton. 


A MECHANISM FOR THE REACTION 


Enamine Formation 


Step 1 Co " ae 


| :О: В :О 
С P | 


| | | А 
ЕЕ ане Е 

| 

H R H H H R 

Aldehyde or Secondary Aminoalcohol 

ketone amine intermediate 


The amine adds to the ketone or aldehyde carbonyl 
to form a tetrahedral adduct. Intermolecular proton 
transfer leads to the aminoalcohol intermediate. 


о 
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Step 2 H Gn ee R 


| " | Я | ~ d 
x a ae = D x — — mcd R + H,O + ЗА 
H H 


d 


"S 


Aminoalcohol Iminium ion 
intermediate intermediate 


The aminoalcohol intermediate is protonated by the catalytic acid. 
Contribution of an unshared electron pair from the nitrogen atom and 
departure of a water molecule lead to an iminium cation intermediate. 


Step 3 R R 


М7 Епатіпе 


A proton is removed from the carbon adjacent to the ітіпіит group. Proton removal occurs 
from the carbon because there is no proton to remove from the nitrogen of the iminium cation 
(as there would have been if a primary amine had been used). This step forms the enamine, 
neutralizes the formal charge, and regenerates the catalytic acid. (If there had been a proton to 
remove from the nitrogen of the iminium cation, the final product would have been an imine.) 


16.9 The Addition of Hydrogen Cyanide: Cyanohydrins 


€ Hydrogen cyanide adds to the carbonyl groups of aldehydes and most ketones to 
form compounds called cyanohydrins. (Ketones in which the carbonyl group is 
highly hindered do not undergo this reaction.) 


pu HCN iu ded 


А НА) R^ —H(R) 
A cyanohydrin 


Cyanohydrins form fastest under conditions where cyanide anions are present to act as 
the nucleophile. Use of potassium cyanide, or any base that can generate cyanide anions 
from HCN, increases the reaction rate as compared to the use of HCN alone. The addition 
of hydrogen cyanide itself to a carbonyl group is slow because the weak acidity of HCN 
(pK, — 9) provides only a small concentration of the nucleophilic cyanide anion. The fol- 
lowing is a mechanism for formation of a cyanohydrin. 


A MECHANISM FOR THE REACTION 


Cyanohydrin Formation 


N QUE тен 
C=O + CEN: = C ————— С УЕ: СЕМ: 


"Xp E нс 77. 


Great care must be taken when working with hydrogen cyanide due to its high toxicity and volatility. 
Reactions involving HCN must be conducted in an efficient fume hood. 
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Cyanohydrins are useful intermediates in organic synthesis because they can be converted 
to several other functional groups. 


€ Acidic hydrolysis converts cyanohydrins to a-hydroxy acids or to o, B-unsaturated 
acids. 


The mechanism for this hydrolysis is discussed in Section 17.8H. The preparation of 
a-hydroxy acids from cyanohydrins is part of the Kiliani—Fischer synthesis of simple sugars 
(Section 22.9A): 


о 4 CO5H 
J Xe ONS 


a-Hydroxy acid 
95% H,SO, 
heat 


COH 


22 
а,В-Опѕаїигаїеа acid 


@ Reduction of a cyanohydrin with lithium aluminum hydride gives a B-aminoalcohol: 
O OH 
HCN {1) LiAIH, , LiAIH, 
CT OLE (2) ECT E 0 oc: 


Solved Problem 16.6 


Provide the missing reagents and intermediate in the following synthesis. 


OH 
pe E Бо E (3) = EN NH2 


STRATEGY AND ANSWER Step (1) requires oxidation of a primary alcohol to an aldehyde; use PCC (Section 
12.4). To reach the final product from the aldehyde we need to add a carbon atom to the chain and introduce a pri- 
mary amine. This combination suggests use of a nitrile, which we know can be reduced to a primary amine. Thus, 
adding HCN to the aldehyde in step (2) forms the cyanohydrin (3), shown below. This step also affords the alco- 
hol group present in the final product. In step (4) we reduce the nitrile to a primary amine using ЦАЈН,. 


ДОК 
СМ 


Review Problem 16.16 (a) Show how you might prepare lactic acid from acetaldehyde through a cyanohydrin inter- 
mediate. (b) What stereoisomeric form of lactic acid would you expect to obtain? 


O OH 


p od As 
H COH 


о 
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16.10 The Addition of Ylides: The Wittig Reaction 


€ Aldehydes and ketones react with phosphorus ylides to yield alkenes and triph- 
enylphosphine oxide (a by-product). This reaction is known as the Wittig reaction. 


The Wittig reaction has proved to be a valuable method for synthesizing alkenes. The ylide 
required for the reaction is a molecule with no net charge but which has a negative carbon 
atom adjacent to a positive heteroatom, which in the Wittig reaction is a phosphorus atom. 
Phosphorus ylides are also called phosphoranes. 


R А m d RU P 
у sno + (C,H;),P— Pi —> и + О=Р(СЕН.)4 
R' R" R' R" 
Aldehyde or Phosphorus ylide Alkene Triphenyl- 
ketone (or phosphorane) [(E) and (Z) isomers] phosphine oxide 


The Wittig reaction is applicable to a wide variety of compounds, and although a mix- 
ture of (E) and (Z) isomers may result, the Wittig reaction offers a great advantage over 
most other alkene syntheses in that no ambiguity exists as to the location of the double bond 
in the product. (This is in contrast to E1 eliminations, which may yield multiple alkene prod- 
ucts by rearrangement to more stable carbocation intermediates, and both E1 and E2 elim- 
ination reactions, which may produce multiple products when different 8 hydrogens are 
available for removal.) 

Phosphorus ylides are easily prepared from triphenylphosphine and primary or secondary 
alkyl halides. Their preparation involves two reactions: 


General Reaction 
R" R" 
Reaction 1 (HP: Зенох — (euP—chH xX- 
si - 
Triphenylphosphine An alkyltriphenylphosphonium 
halide 
R" R" 
Reaction 2 (сно сн 18 — (c,H2,9—c£- + H:B 
R” R” 


A phosphorus ylide 
Specific Example 


+ 
Reaction 1 (C,H,),P: + CH,Br GH (C,H;),P— CH, Br- 
Methyltriphenylphosphonium 


bromide 
(89%) 


+ + 
Reaction 2 (C,H,),3P—CH, + C,H,Li — (C,H,),P—CH,:- + C,H, + LiBr 
Br- 


The first reaction is a nucleophilic substitution reaction. Triphenylphosphine is an 
excellent nucleophile and a weak base. It reacts readily with 1° and 2° alkyl halides by an 
542 mechanism to displace a halide ion from the alkyl halide to give an alkyltriph- 
enylphosphonium salt. The second reaction is an acid-base reaction. A strong base (usu- 
ally an alkyllithium or phenyllithium) removes a proton from the carbon that is attached to 
phosphorus to give the ylide. 
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Phosphorus ylides can be represented as a hybrid of the two resonance structures shown 
here. Quantum mechanical calculations indicate that the contribution made by the first struc- 
ture is relatively unimportant. 

R" R" 
(CHjP—C/ < (CHa Pci 
— — E~ 

6^ 15)3 E 6^ 15)3 еа 


Studies by E. Vedejs (University of Michigan) indicate that the Wittig reaction takes place 
in two steps. In the first step (below), the aldehyde or ketone combines with the ylide in a 
cycloaddition reaction to form the four-membered ring of an oxaphosphetane. Then in a 
second step, the oxaphosphetane decomposes to form the alkene and triphenylphosphine 
oxide. The driving force for the reaction is the formation of the very strong (DH? — 
540 kJ тој“ !) phosphorus-oxygen bond in triphenylphosphine oxide. 


A MECHANISM FOR THE REACTION 


The Wittig Reaction 


F R” R' R” R' R" 
Me | "m | | m \ a T 
0 R > |R jo R => p uos + O=P(C,H,); 
aa wn 
07 Р(С,Н.) :O - P(C.H;), à a 
Aldehyde Ylide Oxaphosphetane Alkene Triphenylphosphine 
or ketone (+ diastereomer) oxide 
Specific Example 
А = + 
( 6 + :CH,—P(C,H,); — +“ = (cu, + O=P(C,H,); 
*O—P(C,Hs)5 


Methylenecyclohexane 

(86% from cyclohexanone 

and methyltriphenylphosphonium 
bromide) 


While Wittig syntheses may appear to be complicated, in practice they are easy to carry 
out. Most of the steps can be carried out in the same reaction vessel, and the entire syn- 
thesis can be accomplished in a matter of hours. 

The overall result of a Wittig synthesis is 


R x 5. y R" R x y R" 
C—O + C Several , с=< +  diastereomer 
d ar C steps y 
R , H R" R' R" 


16.10A How to Plan a Wittig Synthesis 


Planning a Wittig synthesis begins with recognizing in the desired alkene what can be the 
aldehyde or ketone component and what can be the halide component. Any or all of the R 
groups may be hydrogen, although yields are generally better when at least one group is 
hydrogen. The halide component must be a primary, secondary, or methyl halide. 


о 
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Solved Problem 16.7 


Synthesize 2-methyl-1-phenylprop-1-ene using a Wittig reaction. Begin by writing a retrosynthetic analysis. 


STRATEGY AND ANSWER We examine the structure of the compound, paying attention to the groups on each 


side of the double bond: 
I 


2-Methyl-1-phenylprop-1-ene 
We see that two retrosynthetic analyses are possible. 


Retrosynthetic Analysis 


H 
=> p $ 
е Je P(CcHs)s 


E + :P(CeHs)s 
X 


C HgsP 
о је д9 
ES o 


Synthesis 
Following retrosynthetic analysis (a), we begin by making the ylide from a 2-halopropane and then allow the ylide 


to react with benzaldehyde: a 


H 
(a) D *P(CgHs)3 2 у dk ps AD + (Сен:)3РО 
X Р(СеН5)з 7 ^P(CeHs)s Sus 


Following retrosynthetic analysis (b), we make the ylide from a benzyl halide and allow it to react with acetone: 


(b) А ox 
(CeHs)oP* + 0 = ios ONIS LR are lp 
Д. 
АЕ LN + (CgHs)3PO 
~ 
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Step 1 
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16.10B The Horner-Wadsworth-Emmons Reaction: 
A Modification of the Wittig Reaction 


A widely used variation of the Wittig reaction is the Horner-Wadsworth-Emmons 
modification. 


@ The Horner-Wadsworth-Emmons reaction involves use of a phosphonate ester 
instead of a triphenylphosphonium salt. The major product is usually the (Е)- 
alkene isomer. 


Some bases that are typically used to form the phosphonate ester carbanion include sodium 
hydride, potassium fert-butoxide, and butyllithium. The following reaction sequence is an 
example: 


О О 
CuI = CuI i 
We z; xc VOEt 


OEt Na* OEt 


A phosphonate ester 


Step 2 


О 
о 
| ! = : 
+ + 
PL we EtO^/ "O-Na* 
<= VOEt EtO 
Na* OEt 


Review Problem 16.17 


84% 


The phosphonate ester is prepared by reaction of a trialkyl phosphite [(RO)3P] with an 
appropriate halide (a process called the Arbuzov reaction). The following is an example: 


OEt 
Pee 
X P. 
EtO OEt m ОР 
Triethyl phosphite OEt 


In addition to triphenylphosphine, assume that you have available as starting materials any 
necessary aldehydes, ketones, and organic halides. Show how you might synthesize each 
of the following alkenes using the Wittig reaction: 


К 5 5 


о 


і! 
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Triphenylphosphine can be used to convert epoxides to alkenes, for example, Review Problem 16.18 


О 
(C;H);P: in 
MMPS + (C,H),PO 


Propose a likely mechanism for this reaction. 


16.11 Oxidation of Aldehydes 


Aldehydes are much more easily oxidized than ketones. Aldehydes are readily oxidized by 
strong oxidizing agents such as potassium permanganate, and they are also oxidized by such 
mild oxidizing agents as silver oxide: 


KMnO,, OH- 
О ог O O 
Ag,O, OH- но 
> — 
T ps њен 


Notice that in these oxidations aldehydes lose the hydrogen that is attached to the carbonyl 
carbon atom. Because ketones lack this hydrogen, they are more resistant to oxidation. 
Aldehydes undergo slow oxidation by oxygen in the air, and thus stored samples of alde- 
hydes often contain the corresponding carboxylic acid as an impurity. 
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16.12A Derivatives of Aldehydes and Ketones 


Aldehydes and ketones can be differentiated from noncarbonyl compounds through their 
reactions with derivatives of ammonia (Section 16.8B). 2,4-Dinitrophenylhydrazine and 
hydroxylamine react with aldehydes and ketones to form precipitates. Oximes are usually 
colorless, whereas 2,4-dinitrophenylhydrazones are usually orange. The melting points of 
these derivatives can also be used in identifying specific aldehydes and ketones. 


16.128 Tollens’ Test (Silver Mirror Test) 


The ease with which aldehydes undergo oxidation differentiates them from most ketones. 
Mixing aqueous silver nitrate with aqueous ammonia produces a solution known as Tollens' 
reagent. The reagent contains the diamminosilver(I) ion, Ag(NH3)2 *. Although this ion is 
a very weak oxidizing agent, it oxidizes aldehydes to carboxylate anions. As it does this, 
silver is reduced from the +1 oxidation state [of Ag(NH3)2*] to metallic silver. If the rate 
of reaction is slow and the walls of the vessel are clean, metallic silver deposits on the walls 
of the test tube as a mirror; if not, it deposits as a gray-to-black precipitate. Tollens’ reagent 
gives a negative result with all ketones except a-hydroxy ketones: 


O O 


AL, ве, ECT 


R H R : 
Silver 
Aldehyde mirror 
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16.13 Spectroscopic Properties of Aldehydes and Ketones 
16.13A IR Spectra of Aldehydes and Ketones 


@ Carbonyl groups of aldehydes and ketones give rise to very strong C=O stretch- 
ing absorption bands in the 1665-1780-cm ! region. 


The exact location of the carbonyl IR absorption (Table 16.3) depends on the structure of 
the aldehyde or ketone and is one of the most useful and characteristic absorptions in the 
IR spectrum. 


@ Saturated acyclic aldehydes typically absorb near 1730 ст“ !; similar ketones 
absorb near 1715 cm  !. 


| TABLE 16.3 ] 422.) IR Carbonyl Stretching Bands of Aldehydes and Ketones 


C=O Stretching Frequencies 


Range Range 
Compound (ст 1) Compound (ст!) 
R—CHO 1720-1740 RCOR 1705-1720 
Ar—CHO 1695-1715 ArCOR 1680-1700 
\ \ 
a 4 1680-1690 bod 1665-1680 
CHO COR 

Cyclohexanone 1715 

Cyclopentanone 1751 

Cyclobutanone 1785 


€ Conjugation of the carbonyl group with a double bond ог a benzene ring shifts the 


C=O absorption to lower frequencies by about 40 em !, 


This shift to lower frequencies occurs because the carbonyl double bond of a conjugated 
compound has more single-bond character (see the resonance structures below), and sin- 
gle bonds are easier to stretch than double bonds. 


‘O° Ten 
|2 «— Single bond 
227 
5 — 
| + 


The location of the carbonyl absorption of cyclic ketones depends on the size of the ring 
(compare the cyclic compounds in Table 16.3). As the ring grows smaller, the C=O stretch- 
ing peak is shifted to higher frequencies. 

Vibrations of the C—H bond of the CHO group of aldehydes also give two weak bands 
in the 2700-2775- and 2820-2900-cm ! regions that are easily identified. 

Figure 16.1 shows the IR spectrum of phenylethanal. 


о 
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Figure 16.1 The infrared spectrum of phenylethanal. 


16.138 NMR Spectra of Aldehydes and Ketones 
13C NMR Spectra 


@ The carbonyl carbon of an aldehyde or ketone gives characteristic NMR signals in 
the 8 180-220 region of !?C spectra. 


Since almost no other signals occur in this region, the presence of a signal in this region 
(near 6 200) strongly suggests the presence of a carbonyl group. 


1H NMR Spectra 


€ An aldehyde proton gives a distinct 'H NMR signal downfield in the 8 9-12 region 
where almost no other protons absorb; therefore, it is easily identified. 


The aldehyde proton of an aliphatic aldehyde shows spin-spin coupling with protons on 
the adjacent а carbon, and the splitting pattern reveals the degree of substitution of the а 
carbon. For example, in acetaldehyde (CH3CHO) the aldehyde proton signal is split into a 
quartet by the three methyl protons, and the methyl proton signal is split into a doublet by 
the aldehyde proton. The coupling constant is small, however (about 3 Hz, as compared 
with typical vicinal splitting of about 7 Hz). 


@ Protons on the a carbon are deshielded by the carbonyl group, and their signals 
generally appear in the 6 2.0–2.3 region. 


@ Methyl ketones show a characteristic (3H) singlet near 6 2.1. 


Figures 16.2 and 16.3 show annotated 'H апа '?C spectra of phenylethanal. 
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(a) (c) (0) (8) 


(c,d,e) TMS 


8 7 6 5 4 3 2 1 0 
ӧн (ppm) 


Figure 16.2 The 300-MHz 'H NMR spectrum of phenylethanal. The small coupling between the 
aldehyde and methylene protons (2.6 Hz) is shown in the expanded offset plots. 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 


Figure 16.3 The broadband proton-decoupled 13C NMR spectrum of phenylethanal. DEPT Џо 
NMR information and carbon assignments are shown near each peak. 


16.13C Mass Spectra of Aldehydes and Ketones 


The mass spectra of ketones usually show a peak corresponding to the molecular ion. 
Aldehydes typically produce a prominent M.* —1 peak in their mass spectra from cleav- 
age of the aldehyde hydrogen. Ketones usually undergo cleavage on either side of the car- 
bonyl group to produce acylium ions, RC=O:*, where R can be the alkyl group from either 
side of the ketone carbonyl. Cleavage via the McLafferty rearrangement (Section 9.16D) 
is also possible in many aldehydes and ketones. 


16.13D UV Spectra 


The carbonyl groups of saturated aldehydes and ketones give a weak absorption band in 
the UV region between 270 and 300 nm. This band is shifted to longer wavelengths 
(300-350 nm) when the carbonyl group is conjugated with a double bond. 


о 


[| 
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16.14 Summary of Aldehyde and Ketone Addition Reactions 


The nucleophilic addition reactions of aldehydes and ketones occurring at the carbonyl car- 
bon atom that we have studied so far are summarized below. In Chapters 18 and 19 we 
shall see other examples. 


Nucleophilic Addition Reactions of Aldehydes and Ketones 
1. Addition of Organometallic Compounds (Section 12.7C) 
General Reaction 


"E OM :OH 
R—M + — —> 
LN R HO R 


Specific Example Using a Grignard Reagent (Section 12.7C) 


О MK Mr on 
— 
А н aGHo N 
67% 


2. Addition of Hydride Ion (Section 12.3) 


General Reaction 


(o O- OH 
но А 7 woe но? ^S 


Specific Examples Using Metal Hydrides (Section 12.3) 


O OH 
mé (1) LiAIH, ГК 
> H 
(2) HO 
(90926) 
O OH 
MeOH H 
(100%) 


3. Addition of Hydrogen Cyanide (Section 16.9) 


General Reaction 


O 
HA 
n=c + У == JAS cA. p + AS 
C C 
\ \ 
№ 
Specific Example 
O OH 
A (1) NaCN p 
————— 
(2) HA 
CN 


Acetone cyanohydrin 
(78%) 
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4. Addition of Ylides (Section 16.10) 


The Wittig Reaction 
ror > | | > J + (СНО 
(сну O (CHPO 


5. Addition of Alcohols (Section 16.7) 
General Reaction 


O 
ROH HO, OR ROH, HA RO OR 
pur cu pu. 
Hemiacetal Acetal 


Specific Example 


O 
A EtOH CT EtOH, HA ЕТО OEt 
H 
6. Addition of Derivatives of Ammonia (Section 16.8) 
Imines 
О м 
ty J H,0* 
R—NH, + = + H,O 
1° Amine Aldehyde Imine 
or ketone [(E) and (Z) isomers] 
Enamines 
R_ . UR 
о ~ N 2“ 
55 cat. НА 
Мт“ + н Д = p + H,O 
R 
2? Amine Enamine 


Key Terms and Concepts 


б The key terms and concepts that are highlighted in bold, blue text within the chapter are 
PLUS defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


( WILEY 9. Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


REACTIONS AND NOMENCLATURE 


16.19 Give a structural formula and another acceptable name for each of the following compounds: 


(a) Formaldehyde (f) Acetophenone (k) Ethyl isopropyl ketone 
(b) Acetaldehyde (g) Benzophenone (D) Diisopropyl ketone 

(c) Phenylacetaldehyde (h) Salicylaldehyde (m) Dibutyl ketone 

(d) Acetone (i) Vanillin (n) Dipropyl ketone 


(e) Ethyl methyl ketone (j) Diethyl ketone (0) Cinnamaldehyde 


о 


T 
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16.20 Write structural formulas for the products formed when propanal reacts with each of the following reagents: 


> == + 
(а) NaBH, in aqueous NaOH (h) СЊЕ H—P (Cs Ноја 


(b) CgHsMgBr, then H30* G) Ag(NHs)>* 

(с) ЦАНА, then H2O (j) Hydroxylamine 

(d) Ад20, OH ^ (k) Phenylhydrazine 

(€ (C;H),P—6H, (0) Cold dilute KMnO4 

(f) Hy and Pt Ge? er P НА 

(g) но OF and HA (n) us SF HA, then Raney nickel 


16.21 Give structural formulas for the products formed (if any) from the reaction of acetone with each reagent in 
Exercise 16.20. 


16.22 What products would be obtained when acetophenone reacts under each of the following conditions? 


(a) Acetophenone + HNO, uT 


O HA 
(b) Acetophenone + CgH;NHNH, ——> 
+ 
(с) Acetophenone + ~:CH,—P (СН): ——> 
Acetophenone (d) Acetophenone + NaBH, E 


(e) Acetophenone + CeH&MgBr TA) NH,cr 


16.23 Predict the major organic product from each of the following reactions. 


(a) (e) о 
H T ОН H,S0, (cat.) a 
O 7 H^ Y р 
X5 , H,SO, (cat.) 
== 
HO 


H,SO, (cat.) 
——— 


(f) O 
H,O, H,SO, (cat.) 


(c) о 
di es OH pu H,SO, (cat.) 
— 
OH 


| 
O O 
X y H,O, H,SO, (cat.) 
(d) О (g) О 


(1) Н,50,, H,O 


Ї 
(2) A H, H,SO, (cat.) 


(b) 4 


> 
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16.24 Predict the major product from each of the following reactions. 


a e 
M F^ CHSNHs, cat. HA 9 пуна VH 
O (2) Raney Ni, H3 


O 
b) о 
(f) O OH 
° en cat. HA ӨӨ? CH,PPh, (excess) 
> 
> 
© o (g) о о 
H,O, НА 
(саї.) НА 
(а) е) 
О | 
PPhg 


16.25 Predict the major product from each of the following reactions. 


(a) о F^ 


о. 0 (c) NH» 
9 (1) DX Mgr (ехсеѕѕ) Фе HA (cat.) 
(2) H3O* > О 
(3) H2CrO, 
(b) но © о (1) HCN 


| 


(2) LiAIH, 
(3) НО" 
H5SO, (cat.) 
— 
O 
OH 


16.26 Provide the reagents needed to accomplish each of the following transformations. 


(a) (d) ге! 
ој == CY » 
HO 
(b) О 
o - ~ 
= d (f 
NS s 
Wo - CY ou 
M — S 


О H 


16.27 


16.28 


16.29 


16.30 


16.31 


16.32 


о 


T 
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Write detailed mechanisms for each of the following reactions. 


(a) Q HSO; (cat.) e 
о 
о O 

O 

O 
Фа OH — CH4OH, Н,80, (сађ 


Н,О, H SO; (cat.) 


C d 
М sensn, ~ Пон 
» 


(d) CY о 
H20, HSO, t. H 
О 20, H2504 (са!) O^ + rc eh 


Provide the reagents necessary for the following synthesis. 


OH 
HO 


Start with and make 


SYNTHESIS 
(a) Synthesize phenyl propyl ketone from benzene and any other needed reagents. 


(b) Give two methods for transforming phenyl propyl ketone into butylbenzene. 


Show how you would convert benzaldehyde into each of the following. You may use any other needed reagents, 
and more than one step may be required. 


(a) Benzyl alcohol (f) 3-Methyl-1-phenyl-1-butanol (k) CgH;CHDOH 

(b) Benzoic acid (g) Benzyl bromide (D) CSH&SCH(OH)CN 

(c) Benzoyl chloride (h) Toluene (m) CgH;CH=NOH 

(d) Benzophenone (i) CgHgCH(OCH3)e (n) CSH8CH —NNHOgHs 

(e) 1-Phenylethanol (р CgHsCH'8O (о) CgHs;CH=CHCH=Ch> 


Show how ethyl phenyl ketone (CgH;COCH2CHs3) could be synthesized from each of the following: 
(a) Benzene (b) Benzonitrile, CgH5CN (c) Benzaldehyde 


Show how benzaldehyde could be synthesized from each of the following: 
(a) Benzyl alcohol (c) Phenylethyne (e) Сен СО2СНа 
(b) Benzoic acid (d) Phenylethene (styrene) (f) Сенас==М 
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16.33 


16.34 


16.35 


16.36 


16.37 


16.38 


16.39 


16.40 


16.41 
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Give structures for compounds A-E. 


H,CrO, (1) CHsMgl 


HA 
Cyclohexanol PEREA A (C6H100) B(C;Hi0) — 


(2) HO* heat 
(1) Оз (1) АО, OH- 
С (C;H;2) (2) M&S D (C;H120;) (2) О" E (С-Н, Оз) 


Warming piperonal (Section 16.3) with dilute aqueous НСІ converts it to a compound with the formula C7HgO3. 
What is this compound, and what type of reaction is involved? 


Starting with benzyl bromide, show how you would synthesize each of the following: 


(a) oes (b) О (с) © (d) (OI 
OH CY cy? о 


Compounds А and D do not give positive Tollens’ tests; however, compound С does. Give structures for A-D. 


HOCH;CH;OH, HA Mg, ЕО 
———————————— Оди 2-2-6 


4-Bromobutanal (CgH,,02Br) 


(1) CH3;CHO 
(2) H5O*, НО 
Dianeackerone is a volatile natural product isolated from secretory glands of the adult African dwarf crocodile. 
The compound is believed to be a pheromone associated with nesting and mating. Dianeackerone is named after 
Diane Ackerman, an author in the field of natural history and champion of the importance of preserving biodiver- 
sity. The IUPAC name of dianeackerone is 3,7-diethyl-9-phenylnonan-2-one, and it is found as both the (35,75) 
and (3S,7R) stereoisomers. Draw structures for both stereoisomers of dianeackerone. 


СНОН 
[B (CsH;4 MgO;Br)] C (C;H420;) BRI D (C;H;40;) 


Outlined here is a synthesis of glyceraldehyde (Section 5.15A). What are the intermediates A-C and what stereoiso- 
meric form of glyceraldehyde would you expect to obtain? 

CH4OH, HA KMnO,,OH- 
> и 


A (C3H,O) cold, dilute 


НО" 
B (C5H450;) C (СЕН :20,) I glyceraldehyde 
2 


PCC 
OH 7 
ZA CH;Cl; 
Consider the reduction of (R)-3-phenyl-2-pentanone by sodium borohydride. After the reduction is complete, the 
mixture is separated by chromatography into two fractions. These fractions contain isomeric compounds, and each 
isomer is optically active. What are these two isomers and what is the stereoisomeric relationship between them? 


The structure of the sex pheromone (attractant) of the female tsetse fly has been confirmed by the following syn- 
thesis. Compound C appears to be identical to the natural pheromone in all respects (including the response of the 
male tsetse fly). Provide structures for A, B, and C. 


О 
2 
(1) 2 (СЕН Р 1 Hp,Pt 
ae a Ol ЕТИ А (CasHygP2) ———— — В (C37H79) —*> С (Су) 
7 


Provide reagents that would accomplish each of the following syntheses. Begin by writing a retrosynthetic analysis. 
(a) 
N 


Br ES 
OH 


(b) OH 


OH 
S 
О 


16.42 


16.43 


16.44 


16.45 


16.46 


о 
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MECHANISMS AND STRUCTURE ELUCIDATION 


Write a detailed mechanism for the following reaction. 


OH OH 


Н;80, (cat.), Н.О O 
— ~ 


OH 
HO 


When HN NHNH» (semicarbazide) reacts with a ketone (or an aldehyde) to form a derivative known as a semi- 
carbazone, only one nitrogen atom of semicarbazide acts as a nucleophile and attacks the carbonyl carbon atom of the 


O R'(H) O 


R ZN. 
ketone. The product of the reaction, consequently, is Y " NHe rather than В “М МНМН>2. 
R'(H) H 
What factor accounts for the fact that two nitrogen atoms of semicarbazide are relatively non-nucleophilic? 
Dutch elm disease is caused by a fungus transmitted to elm trees by the elm bark beetle. The female beetle, when 


she has located an attractive elm tree, releases several pheromones, including multistriatin, below. These pheromones 
attract male beetles, which bring with them the deadly fungus. 


295 
O 
Multistriatin 


Treating multistriatin with dilute aqueous acid at room temperature leads to the formation of a product, C10H2003, 
which shows a strong infrared peak near 1715 em !, Propose a structure for this product. 


The following structure is an intermediate in a synthesis of prostaglandins Fj, and E» by E. J. Corey (Harvard 
University). A Horner-Wadsworth-Emmons reaction was used to form the (E)-alkene. Write structures for the phos- 
phonate ester and carbonyl reactant that were used in this process. (Note: The carbonyl component of the reaction 


included the cyclopentyl group.) 
4 


Dre) 


| 
Ac = CH,C 


of each compound shows a strong absorption band near 1715 ст“ !. Oxidation of either com- 
pound with hot, basic potassium permanganate followed by acidification yields phthalic acid. 
The 'H NMR spectrum of W shows a multiplet at 5 7.3 and a singlet at 8 3.4. The 'H NMR 
spectrum of X shows a multiplet at 6 7.5, a triplet at 6 3.1, and a triplet at 6 2.5. Propose struc- 
tures for W and X. 


Compounds W and X are isomers; they have the molecular formula CgHgO. The IR spectrum | CO,H 


CO,H 
Phthalic acid 
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16.47 Compounds Y апа Z are isomers with the molecular formula C49H42O. The IR spectrum of each compound shows 
a strong absorption band near 1710 cm - ! The H NMR spectra of Y and Z are given in Figs. 16.4 and 16.5. Propose 
structures for Y and Z. 


Y, Cq9H420 


| TMS 
2.6 24 1.2 1.0 
3 2 1 


8 7 6 5 4 
бн (ppm) 
Figure 16.4 The 300-MHz 'H NMR spectrum of compound Y, Problem 16.47. Expansions of the signals 
are shown in the offset plots. 


Z, C49H4520 


2.9 2.7 || TMS 
| 


8 7 6 5 4 3 2 1 0 
ӧн (ppm) 


Figure 16.5 The 300-MHz 'H NMR spectrum of compound Z, Problem 16.47. Expansions of the signals 
are shown in the offset plots. 


16.48 Compound A (CgH;gO) forms a phenylhydrazone, but it gives a negative Tollens’ test. The IR spectrum of A has 
a strong band near 1710 cm !, The broadband proton-decoupled ‘SC NMR spectrum of A is given in Fig. 16.6. 
Propose a structure for A. 


о 
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l| | | 1 јаја 4] | jd бр ye | - 5 
220 200 180 160 140 120 100 80 60 40 20 0 
бе (ppm) 


Figure 16.6 Тһе broadband proton-decoupled 18°C NMR spectrum of compound A, Problem 16.48. 
Information from the DEPT ЗС NMR spectra is given above the peaks. 


16.49 Compound B (CgH42O») shows a strong carbonyl absorption in its IR spectrum. The broadband proton-decoupled 
13C NMR spectrum of B has only three signals, at 5 19 (CH3), 71 (C), and 216 (C). Propose a structure for B. 


Challenge Problems 


16.50 (a) What would be the frequencies of the two absorption bands expected to be most prominent in the infrared spec- 
trum of 4-hydroxycycloheptanone (C)? 


(b) In reality, the lower frequency band of these two is very weak. Draw the structure of an isomer that would exist 
in equilibrium with C and that explains this observation. 


16.51 One of the important reactions of benzylic alcohols, ethers, and esters is the ease of cleavage of the benzyl-oxy- 
gen bond during hydrogenation. This is another example of “hydrogenolysis,” the cleavage of a bond by hydrogen. 
It is facilitated by the presence of acid. Hydrogenolysis can also occur with strained-ring compounds. 

On hydrogenation of compound D (see below) using Raney nickel catalyst in a dilute solution of hydrogen chlo- 
ride in dioxane and water, most products have a 3,4-dimethoxyphenyl group attached to a side chain. Among these, 
an interesting product is E, whose formation illustrates not only hydrogenolysis but also the migratory aptitude of 
phenyl groups. For product E, these are key spectral data: 

MS (m/z): 196.1084 (M +, at high resolution), 178 

IR (стг !): 3400 (broad), 3050, 2850 (CH3—O stretch) 

ІН NMR (6, in CDCl): 1.21 (d, ЗН, J = 7 Hz), 2.25 (s, 1H), 2.83 (m, 1H), 3.58 

(d, 2H, J — 7 Hz), 3.82 (s, 6H), 6.70 (s, 3H). 

What is the structure of compound E? 


OH OCHs 


H,, НО" 
—— 
Raney Ni 
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Learning Group Problems 


A synthesis of ascorbic acid (vitamin C, 1) starting from D-(+)-galactose (2) is shown below (Haworth, W.N., et al., J. Chem. 
Soc., 1933, 1419-1423). Consider the following questions about the design and reactions used in this synthesis: 


(a) Why did Haworth and co-workers introduce the acetal functional groups in 3? 
(b) Write a mechanism for the formation of one of the acetals. 
(c) Write a mechanism for the hydrolysis of one of the acetals (4 to 5). Assume that water was present in the reaction mixture. 


(d)In the reaction from 5 to 6 you can assume that there was acid (e.g., HCI) present with the sodium amalgam. What reac- 
tion occurred here and from what functional group did that reaction actually proceed? 

(e) Write a mechanism for the formation of a phenylhydrazone from the aldehyde carbonyl of 7. [Do not be concerned 
about the phenylhydrazone group at C2. We shall study the formation of bishydrazones of this type (called an osazone) 
in Chapter 22.] 


(f) What reaction was used to add the carbon atom that ultimately became the lactone carbonyl carbon in ascorbic acid (1)? 


HO „он Ho он 
O _HO Me,CO/H,SO, 
OH = =Z = 
HO O 
OH 6 
OH ij 
2 
Ho fH HO OH 
HO OH O 
COOH OH COOH 
6 5 4 
[Gic 
(2)NaÓCI 
HO OH HO OH HO OH 
HO PhNHNH, НО PhCHO/H,SO, HO 
==0 ——NNHPh бео 
ОН РАНММ O 
7 8 
[Kencact, 
Нон OH 


HO vo 
= H 
rotation about 4 OH 


C3—C4 bond O 
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Carboxylic Acids US 
and Their Derivatives 
Nucleophilic Addition-Elimination 
at the Acyl Carbon 


A portion 
of nylon 6,6, 
a polyamide. 


Polyesters, nylon, and many biological molecules share a common aspect of bond formation during their syn- 
thesis. This process is called acyl substitution, and it involves creation of a bond by nucleophilic addition and 
elimination at a carbonyl group. Acyl substitution reactions occur every moment of every day in our bodies as 
we biosynthesize proteins, fats, precursors to steroids, and other molecules and as we degrade food molecules 
to provide energy and biosynthetic raw materials. Acyl substitution reactions are used virtually nonstop in indus- 
try as well. Approximately 3 billion pounds of nylon and 4 billion pounds of polyester fibers are made by acyl 
substitution reactions every year. The molecular graphic above is a portion of a nylon 6,6 polymer. 

The functional groups of асу! substitution reactions all relate to carboxylic acids. They include acyl chlo- 
rides, anhydrides, esters, amides, thioesters, carboxylic acids themselves, and others that we shall study in this 
chapter. In Special Topic C we shall see how acyl substitution reactions are used to synthesize polymers such 
as nylon and Mylar. In Special Topic E we shall consider the biosynthesis of fatty acids and other biological mol- 
ecules by acyl substitution reactions. Although many functional groups participate in acyl substitution reactions, 
their reactions are all readily understandable because of the common mechanistic theme that unites them: nucle- 
ophilic addition-elimination at an acyl carbon. 
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17.1 Introduction 


Chapter 17 Carboxylic Acids and Their Derivatives 


О 
| 


C 
The carboxyl group, ^ “он (abbreviated — CO2H or — СООН), is one of the most 
widely occurring functional groups in chemistry and biochemistry. Not only are carboxylic 
acids themselves important, but the carboxyl group is the parent group of a large family 


of related compounds called acyl compounds or carboxylic acid derivatives, shown in 
Table 17.1. 


CCUID Carboxylic Acid Derivatives 


Structure Name Structure Name 
l Acyl ( id) chlorid ] 
cyl (or acid) chloride C 

pm Pn 
R cl R NH, 

| 1 | 

С С Acid anhydride C Amide 
п ^o^ ^m " R^ ^NHR' 

1 1 

| 

С R' Ester C 
R^ 70^ R^ ^NR'R' 
R—C=N Nitrile 


17.2 Nomenclature and Physical Properties 


Valerian is a source of 
valeric acid. 


17.2A Carboxylic Acids 


@ Systematic or substitutive names for carboxylic acids are obtained by dropping the 
final -e of the name of the alkane corresponding to the longest chain in the acid 
and by adding -oic acid. The carboxy] carbon atom is assigned number 1. 


The following examples show how this is done: 


О 
OH 
OH di d d 
O 


(E)-3-Heptenoic acid 
[or (E)-hept-3-enoic acid] 


4-Methylhexanoic acid 


Many carboxylic acids have common names that are derived from Latin or Greek words 
that indicate one of their natural sources. Methanoic acid is called formic acid (formica, 
Latin: ant). Ethanoic acid is called acetic acid (acetum, Latin: vinegar). Butanoic acid is 
one compound responsible for the odor of rancid butter, so its common name is butyric acid 
(butyrum, Latin: butter). Pentanoic acid, as a result of its occurrence in valerian, a peren- 
nial herb, is named valeric acid. Hexanoic acid is one compound associated with the odor 
of goats, hence its common name, caproic acid (caper, Latin: goat). Octadecanoic acid takes 
its common name, stearic acid, from the Greek word stear, for tallow. 

Most of these common names have been used for a long time and some are likely to 
remain in common usage, so it is helpful to be familiar with them. In this text we shall refer 
to methanoic acid and ethanoic acid as formic acid and acetic acid, respectively. However, 
in almost all other instances we shall use IUPAC systematic or substitutive names. 


17.2 Nomenclature and Physical Properties 


Carboxylic acids are polar substances. Their molecules can form strong hydrogen bonds 
with each other and with water. As a result, carboxylic acids generally have high boiling 
points, and low-molecular-weight carboxylic acids show appreciable solubility in water. As 
the length of the carbon chain increases, water solubility declines. 


17.2B Carboxylate Salts 


Salts of carboxylic acids are named as -ates; in both common and systematic names, -ate 
replaces -ic acid. The name of the cation precedes that of the carboxylate anion. Thus, 
СНзСО»Ма is sodium acetate or sodium ethanoate. 

Sodium and potassium salts of most carboxylic acids are readily soluble in water. This 
is true even of the long-chain carboxylic acids. Sodium or potassium salts of long-chain 
carboxylic acids are the major ingredients of soap (see Section 23.2C). 


Give an IUPAC systematic name for the following compound. 


p e 
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Solved Problem 17.1 


STRATEGY AND ANSWER First we number the chain beginning with the carbon of the carboxylic acid group. 


CI O 


SS 
E oS OH 


This chain contains six carbons with one double bond, so the base name is hexenoic acid. Then we give the posi- 
tion of the double bond and its stereochemistry, and the position and name of the substituent. The name, therefore, 


is (E)-5-chloro-2-hexenoic acid. 


m an IUPAC и“ name for each of the following: 


dO 2 (e) EN OH 
У O 
ЈУРЕ И 


Experiments show that the molecular weight of acetic acid in the vapor state (just above 
its boiling point) is approximately 120. Explain the discrepancy between this experimen- 
tal value and the true value of approximately 60. 


17.2C Acidity of Carboxylic Acids 


Most unsubstituted carboxylic acids have К, values in the range of 10 ^—10 ? (pK, = 4-5). 
The pK, of water is about 16, and the apparent pK, of Н2СОз is about 7. These relative 
acidities mean that carboxylic acids react readily with aqueous solutions of sodium 
hydroxide and sodium bicarbonate to form soluble sodium salts. We can use solubility 
tests, therefore, to distinguish water-insoluble carboxylic acids from water-insoluble phe- 
nols (Chapter 21) and alcohols. 


Review Problem 17.1 


Review Problem 17.2 


Helpful Hint 


Solubility tests such as these are 
rapid and useful ways to classify 
unknown compounds. 
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€ Water-insoluble carboxylic acids dissolve in either aqueous sodium hydroxide or 
aqueous sodium bicarbonate. 


O O 
OH aq. NaOH or O-Na* 
— 
aq. NaHCO, a 
Benzoic acid Sodium benzoate 
water insoluble water soluble 


€ Water-insoluble phenols (Section 21.5) dissolve in aqueous sodium hydroxide but 
(except for some nitrophenols) do not dissolve in aqueous sodium bicarbonate. 


@ Water-insoluble alcohols do not dissolve in either aqueous sodium hydroxide or 
sodium bicarbonate. 


Carboxylic acids having electron-withdrawing groups are stronger than unsubstituted 
acids. The chloroacetic acids, for example, show the following order of acidities: 


а 9 а 9 а 9 E. O 
с! ci H 
Vast i vo, 2 vo, 7 or 
CI H H H 


pK 0.70 1.48 2.86 4.76 


As we saw in Section 3.11, this acid-strengthening effect of electron-withdrawing groups 
arises from a combination of inductive effects and entropy effects. We can visualize induc- 
tive charge delocalization when we compare the electrostatic potential maps for carboxy- 
late anions of acetic acid and trichloroacetetic acid in Fig. 17.1. The maps show more 
negative charge localized near the acetate carboxyl group than the trichloroacetate carboxyl 
group. Delocalization of the negative charge in trichloroacetate by the electron-withdraw- 
ing effect of its three chlorine atoms contributes to its being a stronger acid than acetic acid. 


€ In general, the more delocalization of charge in the conjugate base, the more stable 
is the anion, and the stronger the acid. 


Figure 17.1 Electrostatic potential maps for the carboxylate б 
anions of (a) acetic acid and (b) trichloroacetic acid. There is 

greater delocalization of negative charge in trichloroacetate 

than acetate due to the inductive electron-withdrawing effect 


of the three chlorine atoms in trichloroacetate. (a) (b) 


Since inductive effects are not transmitted very effectively through covalent bonds, the 
acid-strengthening effect decreases as the distance between the electron-withdrawing group 
and the carboxyl group increases. Of the chlorobutanoic acids that follow, the strongest acid 
is 2-chlorobutanoic acid: 


о cl о о 
АД Е ч 
vow OH OH 


CI 


2-Chlorobutanoic acid — 3-Chlorobutanoic acid 4-Chlorobutanoic acid 
(pK, = 2.85) (pK, = 4.05) (pK, = 4.50) 


17.2 Nomenclature and Physical Properties 


Which carboxylic acid would you expect to be stronger, A or B? 


СОН СОН 
ХУ o. J 
O-N 


A B 


2 


0 
T 


R- ^on 783 


Solved Problem 17.2 


STRATEGY AND ANSWER The electron-withdrawing effect of the nitro group would help stabilize the conjugate 
base of B, whereas the electron-donating effect of the methyl group in A would destabilize its conjugate base. 


Therefore, B is expected to be the stronger acid. 


Which acid of each pair shown here would you expect to be stronger? 


(a) О О 


Ри " Rc 
(b) О 


PN or с 

OH 

ce Д or Br 
OH 


RA E pu 
OH OH 
(e) О Е О 
иу он T p 
F 
(f) О О 
cr Су 
Or 
^ 
Me3N 
(g) О О 
OH OH 
Or 
CFs 


17.2D Dicarboxylic Acids 


Dicarboxylic acids are named as alkanedioic acids in the IUPAC systematic or substitu- 
tive system. Most simple dicarboxylic acids have common names (Table 17.2). 


Review Problem 17.3 
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CCUID Dicarboxylic Acids 


pK, 
(at 25°C) 

Structure Common Name mp (°C) pKa pK; 

Succinic and fumaric acids are key HOC — COH Oxalic acid 189 dec 1.2 4.2 
metabolites in the citric acid | НО, ССЊСОЉН Malonic acid 136 2.9 5:7 
pathway. Adipic acid is usedinthe —-MOIXOCHJSOOSH Succinic acid 187 4.2 5.6 
с ae edP кан HO;C(CH2)CO;H Glutaric acid 98 43 54 
polyesters. See Special Topic C for HO2C(CH2)4CO2H Adipic acid 153 24 5.6 
further information on polymers. cis-HO2C —CH=CH— COH Maleic acid 131 1.9 6.1 
trans-HOsC — CH—CH — CO;H Fumaric acid 287 3.0 4.4 

Phthalic acid 206-208 dec 2.9 5.4 


ow 
CO,H 
AA CO,H 


Isophthalic acid 345-348 3.5 4.6 


Terephthalic acid ЅиЫітеѕ 3.5 4.8 


Solved Problem 17.3 


Suggest explanations for the following. (a) The рк, for all of the dicarboxylic acids in Table 17.2 is smaller than 
the pK, for a monocarboxylic acid with the same number of carbon atoms. (b) The difference between рК, у and 
pK; for dicarboxylic acids of the type НО;С(СН;)„СОН decreases as n increases. 


STRATEGY AND ANSWER (a) The carboxyl group is electron-withdrawing; thus, in a dicarboxylic acid such as 
those in Table 17.2, one carboxylic acid group increases the acidity of the other. (b) As the distance between the 
carboxyl groups increases, the acid-strengthening, inductive effect decreases. 


17.2E Esters 


The names of esters are derived from the names of the alcohol (with the ending -yl) and the acid (with the ending -ate or 
-oate). The portion of the name derived from the alcohol comes first: 


dare San gigs. 


Vinyl acetate or 
ethenyl ethanoate 


Ethyl acetate or 
ethyl ethanoate 


tert-Butyl propanoate 


CI 


Methyl p-chlorobenzoate Diethyl malonate 
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17.2 Nomenclature and Physical Properties 


Esters are polar compounds, but, lacking a hydrogen attached to oxygen, their molecules 
cannot form strong hydrogen bonds to each other. As a result, esters have boiling points 
that are lower than those of acids and alcohols of comparable molecular weight. The boil- 
ing points of esters are about the same as those of comparable aldehydes and ketones. 

Unlike the low-molecular-weight acids, esters usually have pleasant odors, some resem- 
bling those of fruits, and these are used in the manufacture of synthetic flavors: 


О А | РЦ 
P |w— И 
Isopentyl acetate Isopentyl pentanoate 
(used in synthetic banana flavor) (used in synthetic apple flavor) 


17.2F Carboxylic Anhydrides 


Most anhydrides are named by dropping the word acid from the name of the carboxylic 
acid and then adding the word anhydride: 


Acetic anhydride Succinic anhydride Phthalic anhydride Maleic anhydride 
(ethanoic anhydride) mp 121?C mp 131?C mp 53°C 
mp -73°C 


17.2G Acyl Chlorides 


Acyl chlorides are also called acid chlorides. They are named by dropping -ic acid from 
the name of the acid and then adding -yl chloride. Examples are 


O 
O О 
СІ СІ 
Acetyl chloride Propanoyl chloride Benzoyl chloride 


(ethanoyl chloride) mp —94°C; bp 80°C mp —1°C; bp 197°C 
mp —112°C; bp 51°C 


Acyl chlorides and carboxylic anhydrides have boiling points in the same range as esters 
of comparable molecular weight. 


17.2H Amides 


Amides that have no substituent on nitrogen are named by dropping -ic acid from the com- 
mon name of the acid (or -oic acid from the substitutive name) and then adding -amide. 
Alkyl groups on the nitrogen atom of amides are named as substituents, and the named sub- 
stituent is prefaced by N- or N,N-. Examples are 


O O O 
Aue CM 
| H 
Acetamide N,N-Dimethylacetamide N-Ethylacetamide 
(ethanamide) mp —20°C; bp 166°C bp 205°C 


mp 82°C; bp 221°C 
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O 
NH2 
N-Phenyl-N-propylacetamide Benzamide 
mp 49°C; bp 266°C at 712 torr mp 130°C; bp 290°C 


€ Amides with nitrogen atoms bearing one or two hydrogen atoms are able to form 
strong hydrogen bonds to each other. 


Such amides have high melting points and boiling points. On the other hand, molecules 
of N,N-disubstituted amides cannot form strong hydrogen bonds to each other, and they 
have lower melting points and boiling points. The melting and boiling data given above 
illustrate this trend. 


€ Hydrogen bonding between amide groups plays a key role in the way proteins and 
peptides fold to achieve their overall shape (Chapter 24). 


Proteins and peptides (short proteins) are polymers of amino acids joined by amide 
groups. One feature common to the structure of many proteins is the 6 sheet, shown below: 


O 
R, 
— 
ô+ h, 
> ô= 
‘O° 
R, 
H 
Hydrogen bonding (red dots) Hydrogen bonding between amide groups of peptide 
between amide molecules chains. This interaction between chains (called a 


P sheet) is important to the structure of many proteins. 


17.21 Nitriles 


Carboxylic acids can be converted to nitriles and vice versa. In IUPAC substitutive nomen- 
clature, acyclic nitriles are named by adding the suffix -nitrile to the name of the corre- 
sponding hydrocarbon. The carbon atom of the —C=N group is assigned number 1. 
Additional examples of nitriles were presented in Section 2.11 with other functional groups 
of organic molecules. The name acetonitrile is an acceptable common name for CH3CN, 
and acrylonitrile is an acceptable common name for CH2—CHOCN: 


2 1 3 2 1 
CH,—C=N: CH,=CH—C=N: 
Ethanenitrile Propenenitrile 
(acetonitrile) (acrylonitrile) 


Solved Problem 17.4 


N,N-Diethyl-3-methylbenzamide (also called №, N-diethyl-m-toluamide, or DEET) is used in many insect repellants. 


Write its structure. 
(see next page for the answer) 


ANSWER 


Write structural formulas for the following: 


(a) Methyl propanoate 


(b) Ethyl p-nitrobenzoate 


(c) Dimethyl malonate 
(d) N,N-Dimethylbenzamide 


(e) Pentanenitrile 


0 
T 


17.2 Nomenclature and Physical Properties 


DEET 


(f) Dimethyl phthalate 

(g) Dipropyl maleate 

(b) N, N-Dimethylformamide 
(i) 2-Bromopropanoyl bromide 
(j) Diethyl succinate 


17.2J Spectroscopic Properties of Acyl Compounds 


IR Spectra Infrared spectroscopy is of considerable importance in identifying carboxylic 
acids and their derivatives. The C=O stretching band is one of the most prominent in their 
IR spectra since it is always a strong band. Figure 17.2 gives the location of this band for 


most acyl compounds. 


ө The C=O stretching band occurs at different frequencies for acids, esters, and 
amides, and its precise location is often helpful in structure determination. 


€ Conjugation and electron-donating groups bonded to the carbonyl shift the location 
of the C=O absorption to lower frequencies. 


Functional Group 


Approximate Frequency 


Range (cm!) 


R^*^ou 
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Review Problem 17.4 


Helpful Hint 


Infrared spectroscopy is useful for 
classifying acyl compounds. 


1840 1820 1800 1780 1760 1740 1720 1700 1680 1660 1640 1620 1600 


1730-1715 (conj.) 


no O—H absorption 


: r 1815-1785 
Acid'chloride 1800-1770 (conj.) 
: : 1820-1750 LS А 
Acid anhydride 1775-1720 (conj.) (Two C=O absorptions) 
1750-1735 Also C—O (1300-1000); 
Ester/lactone 


Carboxylate salt 


(Two C=O absorptions) 


+ 
Carboxylic acid ~1760 or 1720-1705 (dimer) | Also C—O (1315-1280) 
y 1710-1680 (conj.) and O—H Em. broad) 
1740-1720 
Aldehyde 1710-1685 (conj.) act Also C—H (2830-2695) 
Ketone 1720-1710 
1685-1665 (conj.) EEEH 
Amide/lactam 170051620 (solid) 
(solution) 
1650-1550 


*Orange bars represent absorption ranges for conjugated species. 


Figure 17.2 Approximate carbonyl IR absorption frequencies. (Frequency ranges based on 
Silverstein and Webster, reprinted with permission of John Wiley & Sons, Inc. from Silverstein, R. and 
Webster, F. X., Spectrometric Identification of Organic Compounds, Sixth Edition. Copyright 1998.) 
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€ Electron-withdrawing groups bonded to the carbonyl shift the C=O absorption to 
higher frequencies. 


€ The hydroxyl groups of carboxylic acids also give rise to a broad peak in the 
2500-3100-cm ^! region arising from O—H stretching vibrations. 


€ The N—H stretching vibrations of amides absorb between 3140 and 3500 ст“ !. 


Presence or absence of an O—H or N—H absorption can be an important clue as to which 
carbonyl functional group is present in an unknown compound. 


Figure 17.3 shows an annotated spectrum of propanoic acid. Nitriles show an intense 
and characteristic infrared absorption band near 2250 cm! that arises from stretching of 
the carbon-nitrogen triple bond. 


O—H 
(out-of-plane bend) 


O—H C—H | C—O—H 
T (stretch, (stretch) —C— (in-plane bend) 
[dimer | LJ | (stretch) C—O (stretch) 


0 
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 
Wavenumber (стт!) 


Figure 17.3 The infrared spectrum of propanoic acid. 


1H NMR Spectra 


€ The acidic protons of carboxylic acids are highly deshielded and absorb far down- 
field in the 6 10-12 region. 


@ The protons of the a carbon of carboxylic acids absorb in the ô 2.0-2.5 region. 


Figure 17.4 gives an annotated 'H NMR spectrum of an ester, methyl propanoate; it shows 


the normal splitting pattern (quartet and triplet) of an ethyl group, and, as we would expect, 
it shows an unsplit methyl group. 


13C NMR Spectra 


@ The carbonyl carbon of carboxylic acids and their derivatives occurs downfield in 
the 6 160—180 region (see the following examples), but not as far downfield as for 
aldehydes and ketones (6 180—220). 


@ The nitrile carbon is not shifted so far downfield and absorbs in the 6 115—120 region. 

1 i Jl 1 

C C С С — 
H3C~ ^он ње“ ^OCH,CH, ње са нс ^NH, | H&C—C—N 


6177.2 6 170.7 ô 170.3 6 172.6 6117.4 


13C NMR chemical shifts for the carbonyl or nitrile carbon atom 


0 


|! 
17.3 Preparation of Carboxylic Acids R^* "ou 


(c) (a) 
| b 
24 22 12 1.0 J | ) КЕ 


бн (ppm) 


Figure 17.4 The 300-MHz 'H NMR spectrum of methyl propanoate. Expansions of the signals are 
shown in the offset plots. 


The carbon atoms of the alkyl groups of carboxylic acids and their derivatives have 1С 
chemical shifts much further upfield. The chemical shifts for each carbon of pentanoic acid 
are as follows: 


О 


13.5 27.0 179.7 


220 341 OH 


"С NMR chemical shifts (5) 
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17.3 Preparation of Carboxylic Acids 


Most of the methods for the preparation of carboxylic acids have been presented previously: 


1. By oxidation of alkenes. We learned in Section 8.17A that alkenes can be oxidized 
to carboxylic acids with hot alkaline KMnO,: 


(1) KMnO, OH- 
R yi R ES A, » 0 
EorZ (2) H;0* 


Alternatively, ozonides (Section 8.178) can be subjected to an oxidative workup that 
yields carboxylic acids: 


O о 
(1)0; 
R 2105 + 
LEUR (2) H203 Eton "m 
or 


2. By oxidation of aldehydes and primary alcohols. Aldehydes can be oxidized to 
carboxylic acids with mild oxidizing agents such as Ag(NH3)2*OH~ (Section 
16.128). Primary alcohols can be oxidized with КМПО,. Aldehydes and primary alco- 
hols are oxidized to carboxylic acids with chromic acid (H2CrO4) in aqueous ace- 
tone (the Jones oxidation; Section 12.4C). 


о imu- O 


(1) Ag,O or Ag(NH,); OH 
ХОА Or AGO TRUST, 
py À. 


R R OH 
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О 

AN (1) Кмпојон“ 

E un heat A 

R^ “он 
(2) H50* 
О о 
НСгО, 

i 7 ROH ои 


3. By oxidation of alkylbenzenes. Primary and secondary alkyl groups (but not 3° 


groups) directly attached to a benzene ring are oxidized by KMnO; to a — COH 
group (Section 15.13C): 


о 


R 
O (1) KMnO, OH- OH 
heat 
(2) H,0* 


. By oxidation of the benzene ring. The benzene ring of an alkylbenzene can be con- 


verted to a carboxyl group by ozonolysis, followed by treatment with hydrogen per- 
oxide (Section 15.13D): 


(1) O, CH,CO,H , 
(2) H;O; 


R—C,H, R^ `OH 


. By hydrolysis of cyanohydrins and other nitriles. We saw, in Section 16.9, that 


aldehydes and ketones can be converted to cyanohydrins and that these can be 
hydrolyzed to a-hydroxy acids. In the hydrolysis the —CN group is converted to a 
— СОН group. The mechanism of nitrile hydrolysis is discussed in Section 17.8H: 


O HO, CN р HO, COH 
Д + нон = uL Me 


Nitriles can also be prepared by nucleophilic substitution reactions of alkyl halides 
with sodium cyanide. Hydrolysis of the nitrile yields a carboxylic acid with a chain 
one carbon atom longer than the original alkyl halide: 


General Reaction 


о 
= НА 
R YX + CN — А UCN но” он + NH, 
heat 
о 
OH- 
no TO + NH, 
heat 


Specific Examples 


о 
il H-, H 
d ни" месн, jor SUP us "€ 9 
о 3 
3-Нудгоху- (75-80%) 3-Hydroxypropanoic 
propanenitrile acid 


Br NN Br __Масм , NC. ~ «СМ но" "У ВБ m 


77-86%) 
77-86% RS ( 
(77-86%) Pentanedinitrile Glutaric acid 
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This synthetic method is generally limited to the use of primary alkyl halides. The 
cyanide ion is a relatively strong base, and the use of a secondary or tertiary alkyl 
halide leads primarily to an alkene (through E2 elimination) rather than to a nitrile 
(through 542 substitution). Aryl halides (except for those with ortho and para nitro 
groups) do not react with sodium cyanide. 


6. By carbonation of Grignard reagents. Grignard reagents react with carbon diox- 
ide to yield magnesium carboxylates. Acidification produces carboxylic acids: 


H,0* o 
R—CI —> E R—MgCI -==> A = A 


OMgCI R^ “он 


or 


о о 
H,0+ 
Ar—Br Ec i MgBr <2 pu = p 
Ar OMgBr Ar OH 


This synthesis of carboxylic acids is applicable to primary, secondary, tertiary, allyl, 
benzyl, and aryl halides, provided they have no groups incompatible with a Grignard 
reaction (see Section 12.8B): 


о 
СІ Mg Мас! (1) CO, 
X ЕЂО X (2) 0" OH 
tert-Butyl chloride 2,2-Dimethylpropanoic acid 
(79-80% overall) 
о 
Мо (1) CO. 
СІ => MgCl 2 
Se АРАКЕТ У OH 
Butyl chloride Pentanoic acid 
(80% overall) 
Br MgBr 
(0co, | 
O o4 EM 3 Sr (2) er ET 
Bromobenzene Benzoic acid 


(85%) 


Show how each of the following compounds could be converted to benzoic acid: 


a) oe (b) | Вг (©) о (d on 


(e) Benzyl alcohol (£) Benzaldehyde 


Show how you would prepare each of the following carboxylic acids through a Grignard 
synthesis: 


a) oH (b О (с) О 
Y hot Pas, 


(d) 4-Methylbenzoic acid (e) Hexanoic acid 


0 


f 
R- ^on 791 


Review Problem 17.5 


Review Problem 17.6 
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Review Problem 17.7 (a) Which of the carboxylic acids in Review Problem 17.6 could be prepared by a nitrile 
synthesis as well? (b) Which synthesis, Grignard or nitrile, would you choose to prepare 


O 


Br? Why? 
up d gn fom H je и y 


17.4 Acyl Substitution: Nucleophilic Addition-Elimination 
at the Acyl Carbon 


The reactions of carboxylic acids and their derivatives are characterized by nucleophilic 
addition-elimination at their acyl (carbonyl) carbon atoms. The result is a substitution at 
the acyl carbon. Key to this mechanism is formation of a tetrahedral intermediate that 
returns to a carbonyl group after the elimination of a leaving group. We shall encounter 
many reactions of this general type, as shown in the following box. 


A MECHANISM FOR THE REACTION 


H 
P. 
R Nu* Nu Nu 
С CN à | .. a {> - N a 
7e’? + :Ми—Н = we OF == NS о: > C=0 + HE 
L R/ В 4 К 
Ап acyl compound L HL Another acy! 
(L acts as a leaving group.) Tetrahedral intermediate compound 
Мк ње 
Nucleophilic addition Elimination 


Helpful Hint = Many reactions like this occur in living organisms, and biochemists call them acyl trans- 
If you bear in mind the general fer reactions. Acetyl-coenzyme A, discussed in Special Topic E, often serves as a bio- 
mechanism for acyl SUBEBEHHeH.— chemical acyl transfer agent. Acyl substitution reactions are of tremendous importance in 


you will see the common theme | 5 р | A : 
among reactions in this chapter. industry as well, as described in the chapter opening essay and Special Topic C. 


© The initial step in an acyl substitution reaction is nucleophilic addition at the car- 
bonyl carbon atom. This step is facilitated by the relative steric openness of the 
carbonyl carbon atom and the ability of the carbonyl oxygen atom to accommodate 
an electron pair of the carbon-oxygen double bond. 


9 In the second step the tetrahedral intermediate eliminates a leaving group (L in the 
mechanism above); this elimination leads to regeneration of the carbon-oxygen 
double bond and to a substitution product. 


The overall process, therefore, is acyl substitution by a nucleophilic addition- 
elimination mechanism. 

Acyl compounds react as they do because they all have good, or reasonably good, leav- 
ing groups (or they can be protonated to form good leaving groups) attached to the carbonyl 
carbon atom. 


793 


17.4 Acyl Substitution: Nucleophilic Addition-Elimination at the Acyl Carbon 


@ Acyl substitution requires a leaving group at the carbonyl carbon. 


An acyl chloride, for example, generally reacts by losing a chloride ion—a very weak 
base and thus a very good leaving group. The reaction of an acyl chloride with water is 
an example. 


Specific Example 


P jo А I P 
R—Q—/ + :0—H == R—6——6—H — R-G + Св ке яс + H,0° 
Cl: " em " | Qu .O—H 
Loss of the H 
chloride ion 
as a leaving 
group 


An acid anhydride generally reacts by losing a carboxylate anion or a molecule of a 
carboxylic acid—both are weak bases and good leaving groups. 

As we shall see later, esters generally undergo nucleophilic addition—elimination by los- 
ing a molecule of an alcohol (Section 17.7B), acids react by losing a molecule of water 
(Section 17.7A), and amides react by losing a molecule of ammonia or of an amine (Section 
17.8F). All of the molecules lost in these reactions are weak bases and are reasonably good 
leaving groups. 

For an aldehyde or ketone to react by nucleophilic addition—elimination, the tetrahedral 
intermediate would need to eject a hydride ion (Н: ) or an alkanide ion (А: ). Both are 
very powerful bases, and both are therefore very poor leaving groups: 


iy F 
R—C—Nu > R—C | H:- 
Ç N Hydride 
H Nu ion Reactions like 
:Ӧ:- “ these 
д P rarely occur. 
R—C—Nu > R—C + R:- 
c N Alkanide 
R Nu ion 


[The haloform reaction (Section 18.3C) is one of the rare instances in which an alkanide 
anion can act as a leaving group, but then only, as we shall see, because the leaving group 
is a weakly basic trihalomethyl anion.] 


17.4A Relative Reactivity of Acyl Compounds 


Of the acid derivatives that we study in this chapter, acyl chlorides are the most reactive 
toward nucleophilic addition-elimination, and amides are the least reactive. In general, the 
overall order of reactivity is 


о о о о 
/ / / 
ume > R—C > ii > R—C 
CI о ОВ’ NH, 
a | 
о 
Acyl Acid Ester Amide 


chloride anhydride 


The green groups in the structures above can be related to the green L group in the 
Mechanism for the Reaction box at the beginning of Section 17.4. 
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@ The general order of reactivity of acid derivatives can be explained by taking into 
account the basicity of the leaving groups. 


When acyl chlorides react, the leaving group is a chloride ion. When acid anhydrides 
react, the leaving group is a carboxylic acid or a carboxylate ion. When esters react, the 
leaving group is an alcohol, and when amides react, the leaving group is an amine (or ammo- 
nia). Of all of these bases, chloride ions are the weakest bases and acyl chlorides are the 
most reactive acyl compounds. Amines (or ammonia) are the strongest bases and so amides 
are the least reactive acyl compounds. 


17.4B Synthesis of Acid Derivatives 


As we begin now to explore the syntheses of carboxylic acid derivatives, we shall find that 
in many instances one acid derivative can be synthesized through a nucleophilic addi- 
tion-elimination reaction of another. The order of reactivities that we have presented gives 
us a clue as to which syntheses are practical and which are not. In general, less reactive 
acyl compounds can be synthesized from more reactive ones, but the reverse is usually 
difficult and, when possible, requires special reagents. 


@ Synthesis of acid derivatives by acyl substitution requires that the reactant have a 
better leaving group at the acyl carbon than the product. 


17.5A Synthesis of Acyl Chlorides 


Since acyl chlorides are the most reactive of the acid derivatives, we must use special 
reagents to prepare them. We use other acid chlorides, the acid chlorides of inorganic acids: 
We use РСІ5 (an acid chloride of phosphoric acid), PClg (an acid chloride of phosphorous 
acid), and SOCI» (an acid chloride of sulfurous acid). 

All of these reagents react with carboxylic acids to give acyl chlorides in good yield: 


General Reactions 


о 
+ soc, — | Р + SO, + HCI 


R OH Thionyl chloride 
О О 
m 9 + PCI, — By + H,PO, 
Phosphorus 
trichloride 
О О 
PNE PC, — Д + рос, + на 
R OH Phosphorus R с! 


pentachloride 


These reactions all involve nucleophilic addition-elimination by a chloride ion on a 
highly reactive intermediate: a protonated acyl chlorosulfite, a protonated acyl chlorophos- 
phite, or a protonated acyl chlorophosphate. These intermediates contain even better acyl 
leaving groups than the acyl chloride product. Thionyl chloride, for example, reacts with 
a carboxylic acid in the following way. 


17.5 Acyl Chlorides 


A MECHANISM FOR THE REACTION 


Synthesis of Acyl Chlorides Using Thionyl Chloride 


© € :С!: 
:СІ 
| * | | 
eS 2o pop 
5 о cid R el 
| CI 
H 
С :Ox 8 ^ : 
precoce E Me 
+ — R—C—O— — 
С! H | 
Protonated acyl 
HCI + SO, 


chlorosulfite 


17.5B Reactions of Acyl Chlorides 
Because acyl chlorides are the most reactive of the acyl derivatives, they are easily con- 
verted to less reactive ones. 


6 Often the best synthetic route to an anhydride, an ester, or an amide is synthesis of 
an acyl chloride from the carboxylic acid and then conversion of the acyl chloride 


to the desired acyl derivative. 


The scheme given in Fig. 17.5 illustrates how this can be done. We examine these reac- 
tions in detail in Sections 17.6–17.8. 


о 
P O O 
-n КД 
— 
(—Na*Cl-) R O R' 
Anhydride 
SOCI, 
о ог о 
РСІ о 
grs OH — aA а R’—OH, base 
PCI; (-HCI) R OR' 
Carboxylic acid Acyl chloride 
Ester 
n 
[e] 
R” 
MM ан 
(-R'R'NH;*CI-) R ON 
| 
R" 
Amide 


(R' and/or R" can be 
alkyl, aryl, or hydrogen.) 


Figure 17.5 Preparation of an acyl chloride and reactions of acyl chlorides. 
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Acyl chlorides also react with water and (even more rapidly) with aqueous base, but these 
reactions are usually not carried out deliberately because they destroy the useful acyl chlo- 
ride reactant by regenerating either the carboxylic acid or its salt: 


о 
2 ee iin + HCl 
о 
à d nes A + er 


Acyl chloride 


17.6 Carboxylic Acid Anhydrides 
17.6A Synthesis of Carboxylic Acid Anhydrides 


Carboxylic acids react with acyl chlorides in the presence of pyridine to give carboxylic 
acid anhydrides. Pyridine deprotonates the carboxylic acid, enhancing its nucleophilicity. 
о (0) о о 
BS BS 
Pg? eg? |) = pee а, 


N N+ 


| 
H 


This method is frequently used in the laboratory for the preparation of anhydrides. The 
method is quite general and can be used to prepare mixed anhydrides (R # R’) or sym- 
metric anhydrides (R = R’). 

Sodium salts of carboxylic acids also react with acyl chlorides to give anhydrides: 


О о о о 
A И g^ ei С jg * Her 


R^ ^O-Na* 
Cyclic anhydrides can sometimes be prepared simply by heating the appropriate dicar- 


boxylic acid. This method succeeds, however, only when anhydride formation leads to a 
five- or six-membered ring: 


T О P О 

OH OH 

OH 300°C M OMS OH 230°C Mor e 
Ó 9 Ó 9 


Succinic Succinic Phthalic acid Phthalic anhydride 
acid anhydride (~100%) 
Review Problem 17.8 When maleic acid is heated to 200°C, it loses water and becomes maleic anhydride. Fumaric 


acid, a diastereomer of maleic acid, requires a much higher temperature before it dehydrates; 
when it does, it also yields maleic anhydride. Provide an explanation for these observations. 


OH 
OH OH о О 
o= )=0 = = 
— O — 
HO 
Maleic acid Fumaric acid Maleic anhydride 


17.7 Esters 


17.6B Reactions of Carboxylic Acid Anhydrides 


Because carboxylic acid anhydrides are highly reactive, they can be used to prepare esters 
and amides (Fig. 17.6). We study these reactions in detail in Sections 17.7 and 17.8. 


о о 
R'OH 
ES roy t rA 


R- ^on 797 


R он 
Ester 
LM MN 
R о R 

Anhydride 

excess о о 

R'R"NH 
|, R' + 
о m R^ ^O-NH,R'R'* 
b By-products 
Amide Figure 17.6 Reactions of carboxylic acid 
(R', R" = HorC) anhydrides. 


Carboxylic acid anhydrides also undergo hydrolysis: 
о 


е) 
7 t », и 
во `В’ : О О 
Anhydride Em А. F => 


R^ ^O- R' 


17.7A Synthesis of Esters: Esterification 


Carboxylic acids react with alcohols to form esters through a condensation reaction known 
as esterification: 


General Reaction 
О НА 0 
Д. + њен = Jd + HO 
R OH R OR’ 
Specific Examples 
о о 
НА 
Pp + EtOH = ДА + ЊО 
OH OEt 
Acetic acid Ethanol Ethyl acetate 
о о 
НА 
+ MeOH == + H 
Benzoic acid Methanol Methyl benzoate 


9 Acid-catalyzed esterifications, such as these examples, are called Fischer 
esterifications. 


Fischer esterifications proceed very slowly in the absence of strong acids, but they reach 
equilibrium within a matter of a few hours when an acid and an alcohol are refluxed with 
a small amount of concentrated sulfuric acid or hydrogen chloride. Since the position of 


17.7 Esters 


798 


The carboxylic acid 
accepts a proton from 
the strong acid catalyst. 
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equilibrium controls the amount of the ester formed, the use of an excess of either the 
carboxylic acid or the alcohol increases the yield based on the limiting reagent. Just which 
component we choose to use in excess will depend on its availability and cost. The yield 
of an esterification reaction can also be increased by removing water from the reaction mix- 
ture as it is formed. 

When benzoic acid reacts with methanol that has been labeled with '80, the labeled oxy- 
gen appears in the ester. This result reveals just which bonds break in the esterification: 


The results of the labeling experiment and the fact that esterifications are acid catalyzed 
are both consistent with the mechanism that follows. This mechanism is typical of acid- 
catalyzed nucleophilic addition-elimination reactions at acyl carbon atoms. 

If we follow the forward reactions in this mechanism, we have the mechanism for the 
acid-catalyzed esterification of an acid. If, however, we follow the reverse reactions, we 
have the mechanism for the acid-catalyzed hydrolysis of an ester: 


Acid-Catalyzed Ester Hydrolysis 
О O 


J + Ho 280. J| + вон 


R OR’ R OH 


Which result we obtain will depend on the conditions we choose. If we want to ester- 
ify an acid, we use an excess of the alcohol and, if possible, remove the water as it is formed. 
If we want to hydrolyze an ester, we use a large excess of water; that is, we reflux the ester 
with dilute aqueous HCI or dilute aqueous H2SO,. 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Esterification 


Ze m 
C,H, ^Ó—H -сн—бн | 
ној 
The alcohol attacks the A proton is lost at 
protonated carbonyl one oxygen atom 
group to give a and gained at another. 
tetrahedral intermediate. " 
H m 
=> н S6 v 
£m A 
C,H,—C—0—CH, == l — с 
(UE ME c ла Au E EEUU 5 
Be ji CH, “бсн, +90" cH, ^ ~O—CH, 
8 | 
H 
Loss of a molecule of water Transfer of a proton to 


gives a protonated ester. a base leads to the ester. 


17.7 Esters 


Where would you expect to find the labeled oxygen if you carried out an acid-catalyzed 
hydrolysis of methyl benzoate in /9O-labeled water? Write a detailed mechanism to sup- 
port your answer. 


Steric factors strongly affect the rates of acid-catalyzed hydrolyses of esters. Large groups 
near the reaction site, whether in the alcohol component or the acid component, slow both 
reactions markedly. Tertiary alcohols, for example, react so slowly in acid-catalyzed ester- 
ifications that they usually undergo elimination instead. However, they can be converted to 
esters safely through the use of acyl chlorides and anhydrides in the ways that follow. 


Esters from Acyl Chlorides 


@ The reaction of acyl chlorides with alcohols is one of the best ways to synthesize 
an ester. 


The reaction of an acyl chloride with an alcohol to form an ester occurs rapidly and does not 
require an acid catalyst. Pyridine is often added to the reaction mixture to react with the HCI 
that forms. (Pyridine may also react with the acyl chloride to form an acylpyridinium ion, an 
intermediate that is even more reactive toward the nucleophile than the acyl chloride is.) 


General Reaction 


"o 
2ч —HCI 
. + R'—0—H - 
R Cl: s e 
Specific Example 
о (0) 
| E Et TN 
7 + вон + | — CY h ( МЕ 
2 Z 
N N* 
Benzoyl chloride Ethyl benzoate | 


(80%) 


Esters from Carboxylic Acid Anhydrides Carboxylic acid anhydrides also react with 
alcohols to form esters in the absence of an acid catalyst. 


General Reaction 


i "i 
+ R'OH + 
eae R OR’ R OH 
Specific Example 
о 
о 
AK 4 m " T 
о OH 
Acetic Benzyl alcohol Benzyl acetate 
anhydride 


6 Ester synthesis is often accomplished best by the reaction of an alcohol with an 
acyl chloride or anhydride. These reagents avoid the use of a strong acid, as is 
needed for acid-catalyzed esterification. A strong acid may cause side reactions 
depending on what other functional groups are present. 
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Review Problem 17.9 
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Review Problem 17.10 
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Cyclic anhydrides react with one molar equivalent of an alcohol to form compounds that 
are both esters and acids: 


P i A 
OH О 
NT P 110°C” OH 
У О 


Phthalic sec-Butyl alcohol sec-Butyl hydrogen phthalate 
anhydride (97%) 


Esters can also be synthesized by transesterification: 


| HA, heat Q 
A. + вон === __Д__ + вон 
R ОР' R OR” 
High-boiling High-boiling Higher boiling Lower boiling 
ester alcohol ester alcohol 


In this procedure we shift the equilibrium to the right by allowing the low-boiling alcohol 
to distill from the reaction mixture. The mechanism for transesterification is similar to that 
for an acid-catalyzed esterification (or an acid-catalyzed ester hydrolysis). Write a detailed 
mechanism for the following transesterification: 


O 


о 
E NEN 
M + ~~ Son == ~ Gg ST CH,OH 


Methyl acrylate Butyl alcohol Butyl acrylate Methanol 


(94%) 


17.7B Base-Promoted Hydrolysis of Esters: Saponification 
@ Esters undergo base-promoted hydrolysis as well as acid hydrolysis. 


Base-promoted hydrolysis is called saponification, from the Latin word sapo, soap (see 
Section 23.2C). Refluxing an ester with aqueous sodium hydroxide, for example, produces 
an alcohol and the sodium salt of the acid: 


O O 
H,O 
+ —— + í 
Ester Sodium carboxylate Alcohol 


The carboxylate ion is very unreactive toward nucleophilic substitution because it is neg- 
atively charged. Base-promoted hydrolysis of an ester, as a result, is an essentially irre- 
versible reaction. 

The mechanism for base-promoted hydrolysis of an ester also involves a nucleophilic 
addition-elimination at the acyl carbon. 


17.7 Esters 


A MECHANISM FOR THE REACTION 


Base-Promoted Hydrolysis of an Ester 


©, zs :Оҳ 20: TOF 
IS ÖH sow F^ | | 
Pe .. то R=C=0= n AE О) и e oe vs 
R O—R' l2 R ОН + 30—R' R O:- + H—0—R' 
m :O -R' = = 5 = 
A hydroxide ion attacks The tetrahedral intermediate Transfer of a proton leads 
the carbonyl carbon atom. expels an alkoxide ion. to the products of the reaction. 


Evidence for this mechanism comes from studies done with isotopically labeled esters. 
When ethyl propanoate labeled with 180 in the ether-type oxygen of the ester (below) is 
subjected to hydrolysis with aqueous NaOH, all of the 18O shows up in the ethanol that is 
produced. None of the 180 appears in the propanoate ion: 


О О 
WW + NaOH ==> + но ~ 
"e ~ H,O O-Na* 


This labeling result is completely consistent with the mechanism given above (outline 
the steps for yourself and follow the labeled oxygen through to the products). If the hydrox- 
ide ion had attacked the alkyl carbon instead of the acyl carbon, the alcohol obtained would 
not have been labeled. Attack at the alkyl carbon is almost never observed. (For one excep- 
tion see Review Problem 17.12.) 


O O 
a EE SR 
dug E E | wg- * HO 
oO 


PS 


—————— 
These products are not formed. 


Although nucleophilic attack at the alkyl carbon seldom occurs with esters of carboxylic 
acids, it is the preferred mode of attack with esters of sulfonic acids (e.g., tosylates, mesy- 
lates, and triflates; Section 11.10). 


R’ R’ 
paor H ШАА Ns i T A 
x oR” dir EN get pm PU TEUER. d т 
R ^ó Т of configuration RI `o- R OH 


An alkyl sulfonate 
This mechanism is preferred with alkyl sulfonates. 
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Solved Problem 17.5 


Give stereochemical formulas for A-D. [Hint: B and D are enantiomers of each other.] 


6Н5902СІ AN OH /H;O 


(R)-2-Butanol E B + C,H;SO3 


C,H;COCI OH /ЊО 
a c ———5 р ar СНСО > 

STRATEGY AND ANSWER Compound A is a benzenesulfonate ester, which forms with retention of configura- 

tion from (R)-2-butanol. B is the 542 product formed by reaction with hydroxide, which occurs with inversion of 

configuration. C is a benzoate ester, formation of which does not affect the configuration at the chirality center. 

Saponification of C to form D does not affect the chirality center either, since it is an acyl substitution reaction. 


OSO,CeHs OH O Ed OH 


© 
A B C D 
Review Problem 17.11 (a) Write stereochemical formulas for compounds A-F: 
H^ E 
1. cis-3-Methylcyclopentanol + C; H,SO,CI >A -— B + CHO, 
| | он- i 
2. cis-3-Methylcyclopentanol + C,H,C—CI — С -mux PD + CeHsCO, 


ОН“, H2O 
————À 


3. (F)-2-Bromooctane + CHICO; Ма" — Е + NaBr — по) 


4. (R)-2-Bromooctane + ОН“ emm" Е + Вг- 


(b) Which of the last two methods, 3 ог 4, would you expect to give a higher yield of Е? 


Why? 
Review Problem 17.12 Base-promoted hydrolysis of methyl mesitoate occurs through an attack on the alcohol car- 
bon instead of the acyl carbon: 
O O 
eu ~ 3 
О–СН + OH — О + CH,OH 


Methyl mesitoate 


(a) Can you suggest a reason that accounts for this unusual behavior? (b) Suggest an exper- 
iment with labeled compounds that would confirm this mode of attack. 


17.7C Lactones 


Carboxylic acids whose molecules have a hydroxyl group on a y or 6 carbon undergo an 
intramolecular esterification to give cyclic esters known as y- or 6-lactones. The reaction 
is acid catalyzed: 


0 


17.7 Esters R- ou 
:0—H 
y ü O—H 4 H 
R. 5 B OH = = 4 
O—H Бох 
= С == EN 
HO ү = о === ( же He 
ra 
N zs R R 
A 6-hydroxy acid 
£ С 
Я Е 
10: + ji == :0: + iE ma + А- 
H H 
H R 
A ó-lactone 


Lactones are hydrolyzed by aqueous base just as other esters are. Acidification of the 
sodium salt, however, may lead spontaneously back to the y- or 6-lactone, particularly if 


excess acid is used: 
O онњо . ~ 


“НА, slight excess slight excess 


CeHs «| HA, exactly 1 


о 


equiv. 


СН 
675 он 


OH 


Many lactones occur in nature. Vitamin C (below), for example, is a y-lactone. Some 
antibiotics, such as erythromycin and nonactin (Section 11.16), are lactones with very large 
rings (called macrocyclic lactones), but most naturally occurring lactones are y- or 6-lac- 
tones; that is, most contain five- or six-membered rings. 


OCH Vitamin C 
2 (ascorbic acid) 
CH, 
CH, OH 


Erythromycin A 


B-Lactones (lactones with four-membered rings) have been detected as intermediates in 
some reactions, and several have been isolated. They are highly reactive, however. If one 
attempts to prepare а -lactone from a -hydroxy acid, 8 elimination usually occurs instead: 
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:0: 
3 
R x Cl 


Reactant 
Ammonia; В’, В” = Н 


— 
m 
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R OH ө а, B-Unsaturated 
асіа 
OH о 
R 
B-Hydroxy acid a 
O 
O 
B-Lactone 


(does not form) 


17.8A Synthesis of Amides 


Amides can be prepared in a variety of ways, starting with acyl chlorides, acid anhydrides, 
esters, carboxylic acids, and carboxylate salts. All of these methods involve nucleophilic 
addition-elimination reactions by ammonia or an amine at an acyl carbon. As we might 
expect, acid chlorides are the most reactive and carboxylate anions are the least. 


17.8B Amides from Acyl Chlorides 


Primary amines, secondary amines, and ammonia all react rapidly with acid chlorides to 
form amides. An excess of ammonia or amine is used to neutralize the HCI that would be 
formed otherwise: 


Oy Коу В” 
r =š | . _ — xo b 'Б" + Ol- 
H—N2-R' d if 


l; ^-: NHR'R" 


Product 
Unsubstituted amide; R', R" — 


1? Amine; R' = H, R" = alkyl, aryl N-Substituted amide; R' — H, R" — alkyl, aryl 


2? Amine; R', R" — alkyl, aryl 


N,N-Disubstituted amide; R', R" — alkyl, aryl 


@ The reaction of an amine with an acyl chloride is one of the most widely used lab- 
oratory methods for the synthesis of amides, because acyl chlorides are themselves 
easily prepared from carboxylic acids. 


The reaction between an acyl chloride and an amine (or ammonia) usually takes place at 
room temperature (or below) and produces the amide in high yield. 

Acyl chlorides also react with tertiary amines by a nucleophilic addition-elimination 
reaction. The acylammonium ion that forms, however, is not stable in the presence of water 
or any hydroxylic solvent: 


O O O 
H,O + = 
+ RN: — + —— + HNR, Cl 
ase s RS NR, СІ- B on É 
Acyl chloride 3° Amine Acylammonium 
chloride 


Acylpyridinium ions are probably involved as intermediates in those reactions of acyl chlo- 
rides that are carried out in the presence of pyridine. 


0 
T 


17.8 Amides 


R- ^on 805 


Provide the missing compounds, A-C, in the following synthesis. 


О ©) 
EOM —_ " P - Еа 
OH но А (C5H1902) CI NS 


Solved Problem 17.6 


STRATEGY AND ANSWER The first reaction is a chromic acid oxidation, leading to C5H49O», which is consistent 
with the carboxylic acid derived from 3-methyl-1-butanol. B must be a reagent by which we can prepare an acid chlo- 
ride. The final product is an amide, thus C must be the appropriate amine. Compounds A-C, therefore, are as follows: 


О 
А = p B-SOCb c= м-н 
OH 5 » 


17.8C Amides from Carboxylic Anhydrides 


Acid anhydrides react with ammonia and with primary and secondary amines to form 
amides through reactions that are analogous to those of acyl chlorides: 
о 0 O O H 
НА. UR’ m ld | 
S ак — ve + hes: H-N-R 
R" R" R” 
R’, R” can be H, alkyl, or aryl. 


Cyclic anhydrides react with ammonia or an amine in the same general way as acyclic 


anhydrides; however, the reaction yields a product that is both an amide and an ammonium 
salt. Acidifying the ammonium salt gives a compound that is both an amide and an acid: 


O O 
М NH 
о + 2NH, - > е o a : 
warm O-NH,* (—NH,") OH 
o Ó 


O 
Phthalic Ammonium Phthalamic 
anhydride phthalamate acid 
(94%) 


(81%) 
Heating the amide acid causes dehydration to occur and gives an imide. Imides contain 
O O 


| | 
the linkage —C—NH —C—. 


о о 
нЕ + H,O 
OH 150-160'C Nn 2 
О о 
Phthalamic acid Phthalimide 


(710095) 
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17.8D Amides from Esters 


Esters undergo nucleophilic addition-elimination at their acyl carbon atoms when they are 
treated with ammonia (called ammonolysis) or with primary and secondary amines. These 
reactions take place much more slowly than those of acyl chlorides and anhydrides, but they 
can still be synthetically useful: 


O 
O t 4 
НА · ЛА 
pu + “NT — ae + R"OH 
R^ "OR" | | 
R" R” 
R’ and/or R” 
may beH. 
J | 
+ NH,(aq) => + C,H,OH 
CICHZ "OC,H, Р oe a i me 
Ethyl chloroacetate Chloroacetamide 
(62-87%) 


17.8E Amides from Carboxylic Acids and Ammonium 
Carboxylates 


Carboxylic acids react with aqueous ammonia to form ammonium salts: 


O O 
+ NH, == 
он У б == Доњу 
An ammonium 
carboxylate 


Because of the low reactivity of the carboxylate ion toward nucleophilic addition-elimi- 
nation, further reaction does not usually take place in aqueous solution. However, if we evap- 
orate the water and subsequently heat the dry salt, dehydration produces an amide: 


О О 
A LN На 


R O^ NH, soio) R NH, 


This is generally a poor method for preparing amides. A much better method is to con- 
vert the acid to an acyl chloride and then treat the acyl chloride with ammonia or an amine 
(Section 17.8B). 

Amides are of great importance in biochemistry. The linkages that join individual amino 
acids together to form proteins are primarily amide linkages. As a consequence, much 
research has been done to find convenient and mild ways for amide synthesis. 
Dialkylcarbodiimides (R—N==C==N—R), such as diisopropylcarbodiimide and dicy- 
clohexylcarbodiimide (DCC), are especially useful reagents for amide synthesis. 
Dialkylcarbodiimides promote amide formation by reacting with the carboxyl group of an 
acid and activating it toward nucleophilic addition-elimination. 


17.8 Amides 


A MECHANISM FOR THE REACTION 


DCC-Promoted Amide Synthesis 


qeu 
о: :N N—C,H,, R N—C,H,, 
# | МС 7 X 
ims c4 [ae \ EXE 
Е: Ne H—0:2 s H—O* N:- 
C.H,, CH, Сен, 
Dicyclohexyl- 
carbodiimide anon 
(DCC) | transfer 
Кеў 
| А. 
R6 с —> 
R’—NH, NHC,H,, 
өр N—C,H "o NHC,H 
| НЕ s, 6741 / р P en 
R—C—0O—C ~ >R C HOTE 
E cu 
NH,* NHC.H,, intermediate Ale ee 
j and proton An amide N,N'-Dicyclohexylurea 

R transfer 


The intermediate in this synthesis does not need to be isolated, and both steps take place 
at room temperature. Amides are produced in very high yield. In Chapter 24 we shall see 
how diisopropylcarbodiimide is used in an automated synthesis of peptides. 
17.8F Hydrolysis of Amides 


€ Amides undergo hydrolysis when they are heated with aqueous acid or aqueous base. 


Acidic Hydrolysis 
О О 
Д. + ње = L + NH, 
R^ ^NH, вг R^ “он 
Basic Hydrolysis 
O но е) " 
A. + NaOH => Å + NH, 
R^ ~NH, eat R^ ~O-Nat 
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N-Substituted amides and N,N-disubstituted amides also undergo hydrolysis in aqueous 
acid or base. Amide hydrolysis by either method takes place more slowly than the corre- 
sponding hydrolysis of an ester. Thus, amide hydrolyses generally require the forcing con- 
ditions of heat and strong acid or base. 

The mechanism for acid hydrolysis of an amide is similar to that given in Section 17.7A 
for the acid hydrolysis of an ester. Water acts as a nucleophile and attacks the protonated 
amide. The leaving group in the acidic hydrolysis of an amide is ammonia (or an amine). 


A MECHANISM FOR THE REACTION 


Acidic Hydrolysis of an Amide 


9 +H H 
a T d d 
+ :OH .. + 
С ar HSO—H = ЕЕ R—C—OH, == 
R NH, R NH, | 
: NH, 
The amide carbonyl accepts A water molecule attacks A proton is lost at 
a proton from the the protonated carbonyl one oxygen and 
aqueous acid. to give a tetrahedral gained at the 
intermediate. nitrogen. 
H +^ H 
244 
0< Е 
Tu UU e l ÑH i NH 
EXT зе = 2) 3 ccm 3s 4 
al R^ TO—H R^ Зон 
NH, = s 
+ 
Loss of a molecule Transfer of a proton 
of ammonia gives to ammonia leads 
a protonated to the carboxylic acid 
carboxylic acid. and an ammonium ion. 


There is evidence that in basic hydrolyses of amides, hydroxide ions act both as nucle- 
ophiles and as bases. 


A MECHANISM FOR THE REACTION 


Basic Hydrolysis of an Amide 


5 3 О 
[> : а M | ; 
Cs 4 30H- == R—6—0-H R—C—O: — С + мн; + :OH- 
R NH, | C R 
NH; NH; 
A hydroxide ion A hydroxide ion Nes HOH 
attacks the acyl removes a proton ME il 
carbon of the to give a dianion. The dianion loses a 
amide. molecule of ammonia 


(or an amine); this 
step is synchronized 
with a proton transfer 
from water due to 

the basicity of NH, . 


Hydrolysis of amides by enzymes is central to the digestion of proteins. The mechanism 
for protein hydrolysis by the enzyme chymotrypsin is presented in Section 24.11. 


0 


17.8 Атідеѕ 6С ~оћ 809 
What products would you obtain from acidic and basic hydrolysis of each of the follow- Review Problem 17.13 
ing amides? 
(a) N,N-Diethylbenzamide (c) Ге! 


(b) О HO N NH2 
| (а dipeptide) 
М O H 
~ H Сен 5 


17.8G Nitriles from the Dehydration of Amides 


Amides react with P4049 (a compound that is often called phosphorus pentoxide and writ- 
ten P203) or with boiling acetic anhydride to form nitriles: 


| 
Де РО Or GORE NN m t H,PO, (or CH,CO,H) 
Pr heat 
R NH, (-H,0) A nitrile 


This is a useful synthetic method for preparing nitriles that are not available by nucleophilic 
substitution reactions between alkyl halides and cyanide ion. 


Solved Problem 17.7 


At first glance the conversion of bromobenzene to benzenenitrile looks simple—just carry out a nucleophilic sub- 
stitution using cyanide ion as the nucleophile. Then we remember that bromobenzene does not undergo either an 
Sul or an Sy2 reaction (Section 6.14A). The conversion can be accomplished, however, though it involves several 
steps. Outline possible steps. 


ANSWER 
(1) Mg, (1) Mg, EO РОБ, НО 
TOSS ~ CO, 
(3) Н.О“ 
(a) Provide the reagents required to accomplish the following transformation. Review Problem 17.14 


— 
COH CN 


(b) What product would you likely obtain if you attempted to synthesize the nitrile above 


by the following method? 
CN. 
——ә 
J Br 


17.8H Hydrolysis of Nitriles 


ө Nitriles are related to carboxylic acids because complete hydrolysis of a nitrile 
produces a carboxylic acid or a carboxylate anion (Sections 16.9 and 17.3): 
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The mechanisms for these hydrolyses are related to those for the acidic and basic hydrol- 
yses of amides. 

In acidic hydrolysis of a nitrile the first step is protonation of the nitrogen atom. This 
protonation (in the following sequence) enhances polarization of the nitrile group and makes 
the carbon atom more susceptible to nucleophilic attack by the weak nucleophile, water. 
The loss of a proton from the oxygen atom then produces a tautomeric form of an amide. 
Gain of a proton at the nitrogen atom gives a protonated amide, and from this point on 
the steps are the same as those given for the acidic hydrolysis of an amide in Section 17.8F. 
(In concentrated H2SO, the reaction stops at the protonated amide, and this is a useful way 
of making amides from nitriles.) 


A MECHANISM FOR THE REACTION 


Acidic Hydrolysis of a Nitrile 


rcr | 
R—C=N 4 ASO+H == R-C=NH — в—бемн + 0-H === 


Protonated пите 


j 
H 
m RUM 
| I | + неон == 
n^ SNH R~ “мн / z 
Amide tautomer 
hee H 
765 5 
Several steps | + 
C = С ee, [e + NH 
5 БОЕ а bus : 
R s H; R NH; PHAR OH 


Protonated amide 


In basic hydrolysis, a hydroxide ion attacks the nitrile carbon atom, and subsequent pro- 
tonation leads to the amide tautomer. Further attack by the hydroxide ion leads to hydrol- 
ysis in a manner analogous to that for the basic hydrolysis of an amide (Section 17.8F). 
(Under the appropriate conditions, amides can be isolated when nitriles are hydrolyzed.) 


A MECHANISM FOR THE REACTION 


Basic Hydrolysis of a Nitrile 


Amide 


tautomer — (mechanism box continues on the next page) 


0 
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(continued from the previous page) 


/LH 
OH [o o- 
|o би | H | 
R—C—NH R—C—NH, = 
.. -OH OH 


| | 
OH OH Qn m d 


O- 
R ld ЕЕ l + NH, + OH- 
po Bo 
Р Carboxylate 
anion 


17.81 Lactams 


Cyclic amides are called lactams. The size of the lactam ring is designated by Greek let- 
ters in a way that is analogous to lactone nomenclature (Section 17.7C): 


о о 
о 


R 

R 
z 
= 


a “МН 


= 6 
B'—NH 8— В 


А В-Іасїат А у-Іасїат A 6-lactam 


y-Lactams апа 6-lactams often form spontaneously from y- and 6-amino acids. B-Lactams, 
however, are highly reactive; their strained four-membered rings open easily in the pres- 
ence of nucleophilic reagents. 


THE CHEMI: 


Penicillins 


The penicillin antibiotics (see the following structures) contain a B-lactam ring: 


| R =C,H,CH,— Penicillin G 
Pone CH, R= dio dn Ampicillin 
Ó н NH; 
d CO,H R = C,H,OCH,— Penicillin V 


The penicillins apparently act by interfering with the synthesis of bacterial cell walls. It is thought that they do this by react- 
ing with an amino group of an essential enzyme of the cell wall biosynthetic pathway. This reaction involves ring opening 
of the B-lactam and acylation of the enzyme, inactivating it. 


H 
| | | 
R N R N R N 
© + X S ea "у a Ns ГР S\ CH 
a m teu is E wk ом 
c» CO,H 0) CO,H CO,H 


Active enzyme A penicillin Inactive enzyme Inactive enzyme 
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Bacterial resistance to the penicillin antibiotics is a serious problem for the treatment of infec- 
tions. Bacteria that have developed resistance to penicillin produce an enzyme called penicil- 
linase. Penicillinase hydrolyzes the B-lactam ring of penicillin, resulting in penicilloic acid. 
Because penicilloic acid cannot act as an acylating agent, it is incapable of blocking bacterial 
cell wall synthesis by the mechanism shown above. 


| | 
R, ^N 5 H,O В. UN S 
Y CH; penicilinase A. CH, 
9 ju CH, Ó „Д HN... CH, 
О OH 
COH COH 
A penicillin 


Penicilloic acid 


17.9 Derivatives of Carbonic Acid 


An industrial-scale reactor for 
preparation of an antibiotic. 


еј 
| 


have important applications. 


Carbonic acid, HO OH, is an unstable compound that decomposes spontaneously to 
produce carbon dioxide and water and, therefore, cannot be isolated. However, many acyl 
chlorides, esters, and amides that are derived from carbonic acid are stable compounds that 


Carbonyl dichloride (CICOCI), a highly toxic compound that is also called phosgene, 
can be thought of as the diacyl chloride of carbonic acid. Carbonyl dichloride reacts by 
nucleophilic addition-elimination with two molar equivalents of an alcohol to yield a 


Carbonic anhydrase dialkyl carbonate: 
Carbonic anhydrase is an enzyme O O 
that interconverts water and Д. Ш pu 
+ 
carbon dioxide with carbonic acid. Cl Cl 2 OH “so о“ ~ + 2HCI 


A carbonate dianion is shown in 
red within the structure of carbonic Carbonyl 
anhydrase above. dichloride 


Diethyl carbonate 


A tertiary amine is usually added to the reaction to neutralize the hydrogen chloride that 


is produced. 


Carbonyl dichloride reacts with ammonia to yield urea (Section 1.1A): 


О O 


m d а T€ 


2 


+ 2NHI 


Urea is the end product of the metabolism of nitrogen-containing compounds in most mam- 


mals and is excreted in the urine. 


17.9A Alkyl Chloroformates and Carbamates (Urethanes) 


Treating carbonyl dichloride with one molar equivalent of an alcohol leads to the forma- 


tion of an alkyl chloroformate: 


О 


о 
о ae ES oo diis 


Alkyl 


chloroformate 
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Specific Example 


Benzyl 
chloroformate 


Alkyl chloroformates react with ammonia or amines to yield compounds called carba- 
mates or urethanes: 


O O 
+ R'NH => 
Pe = он —— 
A carbamate 


(or urethane) 


Benzyl chloroformate is used to install an amino protecting (blocking) group called the 
benzyloxycarbonyl group. We shall see in Section 24.7A how this protecting group is used 
in the synthesis of peptides and proteins. One advantage of the benzyloxycarbonyl group 
is that it can be removed under mild conditions. Treating the benzyloxycarbonyl derivative 
with hydrogen and a catalyst or with cold HBr in acetic acid removes the protecting group: 


Protection 
(0) о 
"M R M Д. 
(0) CI OH- N о Protected 
R—NH, + н атіпе 
Deprotection 


о 
R—NH, + CO, + 
| -— i 
ме о _ 
H 


HS 
„С + 
“COW R—NH, + CO, + "0 


Carbamates can also be synthesized by allowing an alcohol to react with an isocyanate, 
R—N==C=0O. (Carbamates tend to be nicely crystalline solids and are useful derivatives for 
identifying alcohols.) The reaction is an example of nucleophilic addition to the acyl carbon: 


о 
Те a 6 6 
O—C-—N RO N 


| 
Рћепу! H 


isocyanate 


The insecticide called Sevin is a carbamate made by allowing 1-naphthol to react with 
methyl isocyanate: 


H 
мә з С – СС 


Methyl isocyanate 1-Naphthol Sevin 
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A tragic accident that occurred at Bhopal, India, in 1984 was caused by leakage of methyl 
isocyanate from a manufacturing plant. Methyl isocyanate is a highly toxic gas, and more 
than 1800 people living near the plant lost their lives. 


Write structures for the products of the following reactions: 
(a) CeH5CH2OH + CgH5N—C—O ——> 

(b) CICOCI + excess СНАМН; ———> 

(c) Glycine (H.NCH;CO;) + сен„сњосова! -CH 
(d) Product of (c) + Ho, Pd —— 

(e) Product of (c) + cold НВг, СНзСОН ———> 

(f) Urea + ОНТ, H20, heat 


Although alkyl chloroformates (НОСОСЂ, dialkyl carbonates (ROCOOR), and carba- 
mates (НОСОМН», ROCONHR, etc.) are stable, chloroformic acid (НОСОСІ), alkyl hydro- 
gen carbonates (ROCOOH), and carbamic acid (НОСОМН;) are not. These latter 
compounds decompose spontaneously to liberate carbon dioxide: 


| i 
C — НСІ + CO С — ROH + CO 
но са | RO^ “он | 
Chloroformic acid An alkyl hydrogen carbonate 
(unstable) (unstable) 
| 
— NH, + CO 
но “мн, у | 
A carbamic acid 
(unstable) 


This instability is a characteristic that these compounds share with their functional parent, 
carbonic acid: 

1 

C —> H,O + CO 

HO^ “он | ? 


Carbonic acid 
(unstable) 
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17.10 Decarboxylation of Carboxylic Acids 


The reaction whereby a carboxylic acid loses СО» is called a decarboxylation: 


(0) 


Д. decarboxylation R—H 4 со, 
OH 


R 


Although the unusual stability of carbon dioxide means that decarboxylation of most acids 
is exothermic, in practice the reaction is not always easy to carry out because the reaction 
is very slow. Special groups usually have to be present in the molecule for decarboxyla- 
tion to be rapid enough to be synthetically useful. 


17.10 Decarboxylation of Carboxylic Acids 


@ Carboxylic acids that have a carbonyl group one carbon removed from the car- 
boxylic acid group, called -keto acids, decarboxylate readily when they are heated 
to 100-150?C. Some f-keto acids even decarboxylate slowly at room temperature. 


O O O 
ДД 100-150°C pu + со, 
R OH R 
A B-keto acid 


There are two reasons for this ease of decarboxylation: 


1. When the acid itself decarboxylates, it can do so through a six-membered cyclic tran- 
sition state: 


H H 
оу со o^ е) 
oN emm 
R о R^ * 
B-Keto acid Enol Ketone 


This reaction produces an enol directly and avoids an anionic intermediate. The 
enol then tautomerizes to a methyl ketone. 


2. When the carboxylate anion decarboxylates, it forms a resonance-stabilized anion: 


О о ‘O° ‘oO 
R O "5 R г R 


Acylacetate ion | 


А 


Resonance-stabilized 
anion 


This type of anion, which we shall study further in chapter 19, is much more stable 
than simply RCHz: , the anion that would have been produced by decarboxylation 
in the absence of a B-carbonyl group. 


Provide structures for A and B. 


H,CrO, 


0 
Il 


R- zon 815 


Solved Problem 17.8 


OH ——> ACHO => В(СН„О) + CO, 


heat 


O 


STRATEGY AND ANSWER НоСто, oxidizes a primary alcohol to a carboxylic acid, which is consistent with the 
formula provided for A. Because А is а B-ketocarboxylic acid, it decarboxylates on heating to form B. 


Pow 


A B 
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D-Dicarboxylic acids (1,3-dicarboxylic acids, also called malonic acids) decarboxylate read- 
ily for reasons similar to B-keto acids. 


о о О 
ieee h 
ae за 1901500. Уон + CO, 
R `R ly 


A B-dicarboxylic acid 


D-Dicarboxylic acids undergo decarboxylation so readily that they do not form cyclic anhy- 
drides (Section 17.6A). 

We shall see in Sections 18.6 and 18.7 how decarboxylation of B-keto acids апа mal- 
onic acids is synthetically useful. 


17.10A Decarboxylation of Carboxyl Radicals 


Although the carboxylate ions (АСО ) of simple aliphatic acids do not decarboxylate read- 
ily, carboxyl radicals (RCO2-) do. They decarboxylate by losing CO% and producing alkyl 
radicals: 


RCO). —— В. + СО, 


Using decarboxylation reactions, outline a synthesis of each of the following from appro- 
priate starting materials: 


(a) 2-Hexanone (c) Cyclohexanone 
(b) 2-Methylbutanoic acid (d) Pentanoic acid 


O O 


Diacyl peroxides, R O—O R, decompose readily when heated. 
(a) What factor accounts for this instability? 
(b) The decomposition of a diacyl peroxide produces СО». How is it formed? 


(c) Diacyl peroxides are often used to initiate radical reactions, for example, the polymer- 
ization of an alkene: 


О О 


п F cu im ge E 


Show the steps involved. 


17.11 Chemical Tests for Acyl Compounds 


Carboxylic acids are weak acids, and their acidity helps us to detect them. 


@ Aqueous solutions of water-soluble carboxylic acids give an acid test with blue lit- 
mus paper. 


€ Water-insoluble carboxylic acids dissolve in aqueous sodium hydroxide and aque- 
ous sodium bicarbonate (see Section 17.2C). 


@ Sodium bicarbonate helps us distinguish carboxylic acids from most phenols. 
Except for the di- and trinitrophenols, phenols do not dissolve in aqueous sodium 
bicarbonate. When carboxylic acids dissolve in aqueous sodium bicarbonate, they 
also cause the evolution of carbon dioxide. 


0 
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17.12 Polyesters and Polyamides: Step-Growth Polymers 


We have seen in Section 17.7A that carboxylic acids react with alcohols to form esters. 


O О 
НА cat. 

+ но ~ —S, "n * HO 
m p^ cw TUE 
Carboxylic Alcohol Ester 

acid 


In a similar way carboxylic acid derivatives (L is a leaving group) react with amines (Sect. 
17.8) to form amides. 


O О 
Н 
+ МАУ — р. + HL 
— " NS 
n H 
Carboxylic Amine Amide 


acid derivative 


In each reaction the two reactants become joined and a small molecule is lost. Such reac- 
tions are often called condensation reactions. 

Similar condensation reactions beginning with dicarboxylic acids and either diols or 
diamines can be used to form polymers that are either polyesters or polyamides. These 
polymers are called step-growth polymers. [Recall that in Section 10.10 and Special Topic 
B, we studied another group of polymers called chain-growth polymers (also called addi- 
tion polymers), which are formed by radicals undergoing chain-reactions.] 


@ Polyesters. When a dicarboxylic acid reacts with a diol under the appropriate con- 
ditions, the product is a polyester. For example, the reaction of 1,4-benzenedicar- 
boxylic acid (terephthalic acid) with 1,2-ethanediol leads to the formation of the 
familiar polyesters called Dacron, Terelene or Mylar, and systemically called 
poly(ethylene terephthalate). 


О О 
УУ 
5 + РОС бе HE. “ + НО 
НО OH heat 2 
О O 
n 
Terephthalic 1,2-Ethanediol Poly(ethylene terephthalate) 
acid (a polyester) 


• Polyamides. When a dicarboxylic acid or acid chloride or anhydride reacts with a 
diamine under the appropriate conditions, the product is a polyamide. For example, 
1,6-hexanedioic acid (adipic acid) can react with 1,6-hexanediamine with heat in 
an industrial process to form a familiar polyamide called Nylon. This example of 
nylon is called nylon 6,6 because both components of the polymer have six carbon 
atoms. Other nylons can be made in a similar way. 


О 


OH AN ANN NH? 
HO + ЊМ pu 
eat 


О 
1,6-Hexanedioic acid 1,6-Hexanediamine 
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0 | 
N И АИ А + 
N НО 
O H 
n 
Nylon 6,6 


(A polyamide) 


Special Topic C continues our discussion of Step-Growth Polymers. 


17.13 Summary of the Reactions of Carboxylic Acids and Their Derivatives 


The reactions of carboxylic acids and their derivatives are summarized here. Many (but not 
all) of the reactions in this summary are acyl substitution reactions (they are principally the 
reactions referenced to Sections 17.5 and beyond). As you use this summary, you will find 
it helpful to also review Section 17.4, which presents the general nucleophilic addition-elim- 
ination mechanism for acy] substitution. It is instructive to relate aspects of the specific acyl 
substitution reactions below to this general mechanism. In some cases proton transfer steps 
are also involved, such as to make a leaving group more suitable by prior protonation or to 
transfer a proton to a stronger base at some point in a reaction, but in all acyl substitution 
the essential nucleophilic addition-elimination steps are identifiable. 


Reactions of Carboxylic Acids 


1. As acids (discussed in Sections 3.11 and 17.2C): 
о 
p O`Na + H,O 


y a 
о 

R H 

OM Ta 


O Naà^ + H,O + CO, 
2. Reduction (discussed in Section 12.3): 
о i H H 
R^ "OH (2) HO R `OH 
3. Conversion to acyl chlorides (discussed in Section 17.5): 


O 


O 
Д. SOCL or PCI; Jk 
R^ ~OH R^ са! 


4. Conversion to esters (Fischer esterification) or lactones (discussed in Section 17.7A): 


Д + R'—0H JL + HO 
R OH R OR’ 
5. Conversion to amides (discussed in Section 17.8E): 
Хо ви е or 
3 2 
R OH R O- NH,* R NH, 


An amide 


0 
|! 
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6. Decarboxylation (discussed in Section 17.10): 


O о О 
"P heat но + CO, 
О (0) O 


Reactions of Acyl Chlorides 


1. Conversion (hydrolysis) to acids (discussed in Section 17.5B): 


О О 
ae + HO — " zia + HCI 


2. Conversion to anhydrides (discussed in Section 17.6A): 
о 


O о О 
m + me 7 hee TUNE 


3. Conversion to esters (discussed in Section 17.7A): 


R 


O n О 
До + в—он 2e, J + cr + pyr 
R CI R OR’ 
4. Conversion to amides (discussed in Section 17.8B): 
O O 2 
ДО + R'NHR'(exees) — _Д + R'NHR'CI 
R CI R NR'R" 


R' and/or R" may be H. 


5. Conversion to ketones (Friedel-Crafts acylation, Section 15.7–15.9): 


O 
O АС! R 
а 
A0 Су 


6. Conversion to aldehydes (discussed in Section 16.4С): 


ni (1) LiAIH(-BuO) ? 
i -BuO)s 
+ > 
En (2) H,0* Ec 


Reactions of Acid Anhydrides 


1. Conversion (hydrolysis) to acids (discussed in Section 17.6B): 


O O O 
+ HO — 2 
"о s aedi M 
2. Conversion to esters (discussed in Sections 17.6B and 17.7A): 


O 


О О О 
ИЕ TES Ет ae > E ај 
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3. Conversion to amides (discussed in Section 17.8C): 
О О 
H R' 
TE IE. 
+ N — A R' + 
fus R^ “№ ee n 


R" | 
R' and/or R" may be H. R 


4. Conversion to aryl ketones (Friedel-Crafts acylation, Sections 15.7—15.9): 


Oa. R 
О О О 
АС 
ћу + OR Да 


Reactions of Esters 


1. Hydrolysis (discussed in Section 17.7B): 


I + HO == L + R'OH 
R^ ~OR’ R^ “он 

O о 
~ +P a "D NN + R'OH 


2. Conversion to other esters: transesterification (discussed in Review Problem 17.10): 


О НА О 
J + вон ДО + вон 

R OR’ R OR" 
3. Conversion to amides (discussed in Section 17.8D): 
O P О 

+ HN — R” + вон 
n uam e a 
R" and/or R" may be H. - 


4. Reaction with Grignard reagents (discussed in Section 12.8): 


- OMgX OH 
но" 
Д + 2mMgx => R В” + R'OMgX —— R R” 
R^ SOR’ 
R" R" 


5. Reduction (discussed in Section 12.3): 


A DE» R—CHOH + R'OH 
НАМ p 
R^ сов' (2H* s 


0 
|! 
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Reactions of Amides 


1. Hydrolysis (discussed in Section 17.8F): 


о о ji 
А + њо n + H—N—R’ 
= 30 H,O D ава | 
R" 
R" 
О O 
H R' 
А + OH- ji WF 
aw (0) H,O e o | 
R” 
R” 


R, R', and/or R” may be H. 


2. Conversion to nitriles: dehydration (discussed in Section 17.8G): 


A, ә, R—C-N 
ea 
R^ "NH, (eb 


Reactions of Nitriles 


1. Hydrolysis to a carboxylic acid or carboxylate anion (Section 17.8H): 


. 0 
R—c=n 0, 


heat 


= HO- 
prse H5O, heat P 


2. Reduction to an aldehyde with (i-Bu),AlH (DIBAL-H, Section 16.4C): 
о 


= (1) (Ви), AIH 
= (2) H20 a 


3. Conversion to a ketone by a Grignard or organolithium reagent (Section 16.5B): 
О 


= | (1) R'MgBr or R'Li 
R-C-N + ое à 6 


В’ 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are (те 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the L 
accompanying WileyPLUS course (www.wileyplus.com). 
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Problems 


tion. 


PEUS Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
FLUO T 


17.18 


17.19 


17.20 


17.21 


17.22 


teaching and learning so 


STRUCTURE AND NOMENCLATURE 


Write a structural formula for each of the following compounds: 


(a) Octanoic acid (h) Acetic anhydride 

(b) Propanamide (i) Isobutyl propanoate 

(c) N, N-Diethylhexanamide (j) Benzyl acetate 

(d) 2-Methyl-4-hexenoic acid (k) Ethanoyl chloride (acetyl chloride) 

(e) Butanedioic acid (I) 2-Methylpropanenitrile 

(f) 1,2-Benzenedioc acid (phthalic acid) (m) Ethyl 3-oxobutanoate (ethyl acetoacetate) 
(g) 1,4-Benzenedioic acid (terephthalic acid) (n) Diethyl propanedioate (diethyl malonate) 


Give an IUPAC systematic or common name for each of the following compounds: 


(a) О (d о o ( o 
os AA AA 


(f) 
O 
9 0 -— ДО 
A 9 
NH» 
Amides are weaker bases than corresponding amines. For example, most water-insoluble amines (АМН2) will dis- 
solve in dilute aqueous acids (aqueous HCl, Н250,, etc.) by forming water-soluble alkylaminium salts (RNH3*X ). 


Corresponding amides (RCONHz) do not dissolve in dilute aqueous acids, however. Propose an explanation for 
the much lower basicity of amides when compared to amines. 


While amides are much less basic than amines, they are much stronger acids. Amides have pK, values in the range 
14–16, whereas for amines, pK, = 33-35. 


(a) What factor accounts for the much greater acidity of amides? 
О О 


ДК 


(b) Imides, that is, compounds with the structure R N R’, are even stronger acids than amides. 
| 
H 


For imides, pK, = 9-10, and as a consequence, water-insoluble imides dissolve in aqueous NaOH by forming sol- 
uble sodium salts. What extra factor accounts for the greater acidity of imides? 


FUNCTIONAL GROUP TRANSFORMATIONS 


What major organic product would you expect to obtain when acetyl chloride reacts with each of the following? 


(a) H2O (e) CH3 and AlCl (h) CH3NH» (excess) 

(b) BuLi (excess) СУ (i) (CH3)eNH (excess) 

(c) У оң (j) EtOH and pyridine 
dipyn (f) LiAIH(-BuO)s (k) СНаСО;“ Ма“ 


(d) NH3 (excess) (g) NAaOH/H20 (I) CH3CO>H and pyridine 
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What major organic product would you expect to obtain when acetic anhydride reacts with each of the following? 
(a) NH3 (excess) (c) CH3CH2CH2OH (e) CH3CH2NH» (excess) 
(b) H2O (d) CgHg + AlCl (f) (CH3CH2)2NH (excess) 


What major organic product would you expect to obtain when succinic anhydride reacts with each of the reagents 
given in Problem 17.23? 


What products would you expect to obtain when ethyl propanoate reacts with each of the following? 
(а) HaO*, НО (с) 1-Octanol, НСІ (e) LiAIH4, then НО 
(b) OH, НО (d) CH3NH2 (f) Excess CgHsMgBr, then H20, NH4CI 


What products would you expect to obtain when propanamide reacts with each of the following? 
(а) НО”, НО (b) ОН, НО (с) P4O46 and heat 


What products would you expect to obtain when each of the following compounds is heated? 


(a) 4-Hydroxybutanoic acid (f) О 

(b) 3-Hydroxybutanoic acid 

(c) 2-Hydroxybutanoic acid о" 
(d) Glutaric acid NH3* 
(€) мнз? О 


GENERAL PROBLEMS 
Write structural formulas for the major organic products from each of the following reactions. 
(2) CO; 


(3) H,O* 
OH вос, [>er 
(b) Aa (f) О (1) NaOH, H,O 
OH (excess), H,SO, (cat.) ad (2) HO* 
og See = 


(c) (g) 
pw но, Н,50, (cat. t P H,O, HSO, (cat) 
N pue 4 ^ 
о“ 


(h) (1) H,CrO 
= (Y "7 (2) Soc, 
————— 


Indicate reagents that would accomplish each of following transformations. More than one reaction may be nec- 
essary in some cases. 


(a) о (b о (0) 
(y 7 Cy om О он 
он 
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p 
| 
€ 


z 
Q 


(d) 


X 
X 


~ 
e 
~ 


= 


| 
| 


О 
= 


+ EtNH2CI- 


о. 
| 
ee 


Write structural formulas for the major organic products from each of the following reactions. 


О 
ЈЕ 62504 (cat.) 
> 
НО OH 
(e) о о 
(b) 
B. ау (excess) © pe 
uu M 


(a) (d) 


Cl | CH,CH,SH 
Де 


ч. 


X 


(c) до 


| 


Write structural formulas for the major organic products from each of the following reactions. 


(a) Br (d о 


(1) KCN 
(2) H20, Н2804 (cat.) NH  H50, H2SO0; (cat.) 
———————————————ә Е, 


(b) 


14 


—N (2H) (e) 
a 


~ 
о 
~ 


pa OCH3 (1) CH3CH2MgBr (excess) 
i (2) H3O* 


om 
BS 
TQ 
Od 
+= 
«e 
D 
4, 


MECHANISMS 


Write detailed mechanisms for the acidic and basic hydrolysis of propanamide. 


> 
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Provide a detailed mechanism for each of the following reactions. 


(a) О 
Н250, (cat.) OCH3 
+ CHOH = + H,O 
(excess) 
(b) О (с) 
[> ( EtNHo (excess). O~ Pw H20, Н250, (cat.) OH 
NS 
Cl NH CN 


On heating, cis-4-hydroxycyclohexanecarboxylic acid forms a lactone but trans-4-hydroxycyclohexanecarboxylic 
acid does not. Explain. 


SYNTHESIS 
Show how p-chlorotoluene could be converted to each of the following: 
(a) p-Chlorobenzoic acid (c) p-Chlorophenylacetic acid 


(b) OH (d) Joni 
Cl 


Indicate the reagents needed for each of the following syntheses. More than one step may be needed. 
(a) О 


НО НО 


О 


р 
(b) ОН о 
HO 
or M yos 
О 


Show how pentanoic acid can be prepared from each of the following: 
(a) 1-Pentanol (c) 5-Decene 
(b) 1-Bromobutane (two ways) (d) Pentanal 


The active ingredient of the insect repellent Off is V,N-diethyl-m-toluamide, m-CH3CgH,CON(CH2CHs)o. Outline 
a synthesis of this compound starting with 3-methylbenzoic acid (m-toluic acid). 


Starting with benzene and succinic anhydride and using any other needed reagents, outline a synthesis of 1-phenyl- 
naphthalene. 


Starting with either cis- or trans-HO2C — CH —CH — CO:H (i.e., either maleic or fumaric acid) and using any other 
needed compounds, outline syntheses of each of the following: 


H 


COH 


(a) (b) COH 


COH 


D 


COH 
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Give stereochemical formulas for compounds A-Q: 


p-toluenesulfonyl 


Е chloride (TsCl) CN H;SO, 
(a) (R)-(—)-2-Butanol pyridine ^A B (С5Ном) EU 
1) LiAIH 
(+)-С (СеН,00;) " е > (—)-D (CsH120) 
Њ50, 
(b) (R)-(—)-2-Butanol — > "doe E (C4HoB?) F (Сену) 5 
(1) LiAIH 
(–)-С (CsH1002) mue (+)-D (C5H120) 
ОАО НО + пуној со 
(d) (—)-D 25 y (саниво 255 к (саниМово) OS. L (CeHi205) 
ЕО (2) H307 
OH 


(e) KIA ON НСМ M (САМО) + N (C4HzNOg) 


O Diastereomers, separated 


by fractional tallizati 
(R)-(+)-Glyceraldehyde y fractional crystallization 


(f) M TD Р (С4НвО5) Wu meso-tartaric acid 
Н, 
(g) N p “> Q (C4HgOs) no (—)-tartaric acid 


(R)-(+)-Glyceraldehyde can be transformed into (+)-malic acid by the following synthetic route. Give stereo- 
chemical structures for the products of each step. 


РВгз 
(R)-(+)-Glyceraldehyde (—)-glyceric acid GEM, 


mu 
NaCN но“ 
(—)-3-bromo-2-hydroxypropanoic acid = САНБМОЗ gru (+)-malic acid 


(R)-(+)-Glyceraldehyde can also be transformed into (—)-malic acid. This synthesis begins with the conversion 
of (R)-(+)-glyceraldehyde into (—)-tartaric acid, as shown in Problem 17.41, parts (e) and (g). Then (—)-tartaric 
acid is allowed to react with phosphorus tribromide in order to replace one alcoholic — ОН group with —Br. 
This step takes place with inversion of configuration at the carbon that undergoes attack. Treating the product of 
this reaction with dimethyl sulfide produces (— )-malic acid. (a) Outline all steps in this synthesis by writing stere- 
ochemical structures for each intermediate. (b) The step in which (—)-tartaric acid is treated with phosphorus tri- 
bromide produces only one stereoisomer, even though there are two replaceable — OH groups. How is this 
possible? (c) Suppose that the step in which (—)-tartaric acid is treated with phosphorus tribromide had taken 
place with *mixed" stereochemistry, that is, with both inversion and retention at the carbon under attack. How 
many stereoisomers would have been produced? (d) What difference would this have made to the overall out- 
come of the synthesis? 


0 


|| 
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17.44  Cantharidin is a powerful vesicant that can be isolated from dried beetles (Cantharis vesicatoria, or “Spanish fly"). 
Outlined here is the stereospecific synthesis of cantharidin reported by Gilbert Stork (Columbia University). Supply 
the missing reagents (a)-(n). 


Q Q 
M (a) (b) (0) 
ie. í I- CO,CH, {~CO,CH; 
CO,CH, CO,CH, 
CO,CH, p> CH,OH p> CH,OMs 
CO,CH, CH,OH CH,OMs 


Ms = methanesulfonyl 


CH, ЗОН, CH, SCH; 


CH.SC,H, CH,SC,H, 


E сно 0, 
OH (See Section 22,60) Sector 22.6D) CHO (see "(See Section 19.4) 4) 
HO í el í CH 
| 


Сен СН, 


T 
О 
OCCH, 
heat (m) 
(- CH,COH) 
G 


Hs вН5 


Q 
CO, 
Th 


Cantharidin 


SPECTROSCOPY 


17.45 The ІВ and 'H NMR spectra of phenacetin (C49H43NO») are given in Fig. 17.7. Phenacetin is an analgesic and 
antipyretic compound and was the P of A—P-C tablets (aspirin-phenacetin-caffeine). (Because of its toxicity, 
phenacetin is no longer used medically.) When phenacetin is heated with aqueous sodium hydroxide, it yields phene- 
tidine (CgH44NO) and sodium acetate. Propose structures for phenacetin and phenetidine. 
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A. XA d 


7.4 7.2 7.0 6.8 4.0 3.8 1.4 1.2 


| = 


бн (ppm) 


TMS 


100 
90 + 
80 4 
704 
60 4 
50 4 
404 
30 4 


Transmittance (956) 


20 | | 
Figure 17.7 The 300-MHz 
'H NMR and IR spectra of 104 
phenacetin. Expansions of the 


'H NMR signals are shown in 4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 
the offset plots. 


Wavenumber (cm) 


17.46 Given here are the 'H NMR spectra and carbonyl IR absorption peaks of five acyl compounds. Propose a structure 


for each. 

(а) CgH44O4 1H NMR Spectrum IR Spectrum 
Triplet 6 1.2 (6H) 1740 cm! 
Singlet 6 2.5 (4H) 
Quartet 6 4.1 (4H) 

(b) С,1Н1402 1H NMR Spectrum IR Spectrum 
Doublet 6 1.0 (6H) 1720 cm! 
Multiplet 6 2.1 (1H) 
Doublet 6 4.1 (2H) 
Multiplet 07.8 (5H) 

(c) C49H420» 1H NMR Spectrum IR Spectrum 
Triplet 6 1.2 (ЗН) 1740 cm! 
Singlet 6 3.5 (2H) 
Quartet 6 4.1 (2H) 
Multiplet 07.3 (5H) 

(d) C2H2Cl20> — !H NMR Spectrum IR Spectrum 


Singlet ô 6.0 Broad peak 2500-2700 ст! 
Singlet 8 11.70 1705 ст! 


0 
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(e) СаАН7С102 1H NMR Spectrum IR Spectrum 
Triplet 8 1.3 1745 cm! 


Singlet ô 4.0 
Quartet 6 4.2 


17.47 Compound X (С7Н120,) is insoluble in aqueous sodium bicarbonate. The IR spectrum of X has a strong absorp- 
tion peak near 1740 ст“ !, and its broadband proton-decoupled 18C spectrum is given in Fig. 17.8. Propose a struc- 
ture for X. 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 


Figure 17.8 Broadband proton-decoupled ‘SC NMR spectrum of compound X, Problem 17.47. 
Information from the DEPT С NMR spectra is given above each peak. 


17.48 Compound Y (CgH4O3) dissolves slowly when warmed with aqueous sodium bicarbonate. The IR spectrum of Y 
has strong peaks at 1779 and at 1854 ст“ !. The broadband proton-decoupled !?C spectrum of Y exhibits signals 
at 6 125 (CH), 130 (C), 136 (CH), and 162 (C). Acidification of the bicarbonate solution of Y gave compound Z. 
The proton-decoupled !9C NMR spectrum of Z showed four signals. When Y was warmed in ethanol, a compound 
AA was produced. The 1С NMR spectrum of AA displayed 10 signals. Propose structures for Y, Z, and AA. 


Challenge Problems 


17.49 Ketene, H0C—C —O, is an important industrial chemical. Predict the products that would be formed when ketene 
reacts with (a) ethanol, (b) acetic acid, and (c) ethylamine. [Hint: Markovnikov addition occurs.] 


17.50 Two unsymmetrical anhydrides react with ethylamine as follows: 
O O O O 


о о О О 
Borse. У ws m о ~ У ets + MNH 


Explain the factors that might account for the formation of the products in each reaction. 
17.51 Starting with 1-naphthol, suggest an alternative synthesis of the insecticide Sevin to the one given in Section 17.9A. 


17.52 Suggest a synthesis of ibuprofen (Section 5.11) from benzene, employing chloromethylation as one step. 
Chloromethylation is a special case of the Friedel-Crafts reaction in which a mixture of HCHO and HCI, in the 
presence of ZnCl», introduces a — СН2СІ group into an aromatic ring. 
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17.53 An alternative synthesis of ibuprofen is given below. Supply the structural formulas for compounds A-D: 


AICI, AICI, ^ С HSO D р>” ibuprofen (racemic) 


[9] 
CI 
© га A Над, p P" NaCN HI 
17.54 Asa method for the synthesis of cinnamaldehyde (3-phenyl-2-propenal), a chemist treated 3-phenyl-2-propen-1- 
ol with K2Cr20O7 in sulfuric acid. The product obtained from the reaction gave a signal at 6 164.5 in its 1С NMR 
spectrum. Alternatively, when the chemist treated 3-phenyl-2-propen-1-ol with PCC in СЊСЊ, the 5C NMR spec- 
trum of the product displayed a signal at 6 193.8. (АП other signals in the spectra of both compounds appeared at 
similar chemical shifts.) (a) Which reaction produced cinnamaldehyde? (b) What was the other product? 


Learning Group Problems 


The Chemical Synthesis of Peptides Carboxylic acids and acy] derivatives of the carboxyl functional group are very 
important in biochemistry. For example, the carboxylic acid functional group is present in the family of lipids called fatty acids. 
Lipids called glycerides contain the ester functional group, a derivative of carboxylic acids. Furthermore, the entire class of 
biopolymers called proteins contain repeating amide functional group linkages. Amides are also derivatives of carboxylic acids. 
Both laboratory and biochemical syntheses of proteins require reactions that involve substitution at activated acyl carbons. 

This Learning Group Problem focuses on the chemical synthesis of small proteins, called peptides. The essence of pep- 
tide or protein synthesis is formation of the amide functional group by reaction of an activated carboxylic acid derivative 
with an amine. 

First we shall consider reactions for traditional chemical synthesis of peptides and then we look at reactions used in auto- 
mated solid-phase peptide synthesis. The method for solid-phase peptide synthesis was invented by R. B. Merrifield 
(Rockefeller University), for which he earned the 1984 Nobel Prize in Chemistry. Solid-phase peptide synthesis reactions 
are so reliable that they have been incorporated into machines called peptide synthesizers (Section 24.7D). 


1. The first step in peptide synthesis is blocking (protection) of the amine functional group of an amino acid (a com- 
pound that contains both amine and carboxylic acid functional groups). Such a reaction is shown in Section 24.7C 
in the reaction between Ala (alanine) and benzyl chloroformate. The functional group formed in the structure labeled 


О 


Z-Ala is called a carbamate (or urethane). (Z is a benzyloxycarbonyl group, C,H,CH,OC—). 


(a) Write a detailed mechanism for formation of Z-Ala from Ala and benzyl chloroformate in the presence of 
hydroxide. 

(b) In the reaction of part (a), why does the amino group act as the nucleophile preferentially over the carboxylate anion? 

(c) Another widely used amino protecting group is the 9-fluorenylmethoxycarbonyl (Fmoc) group. Fmoc is the pro- 
tecting group most often used in automated solid-phase peptide synthesis (see part 4 below). Write a detailed 
mechanism for formation of an Fmoc-protected amino acid under the conditions given in Section 24.7A. 

2. The second step in the reactions of Section 24.7C is the formation of a mixed anhydride. Write a detailed mecha- 
nism for the reaction between Z-Ala and ethyl chloroformate (CICO2C2Hs) in the presence of triethylamine to form 
the mixed anhydride. What is the purpose of this step? 

3. The third step in the sequence of reactions in Section 24.7C is the one that actually joins the new amino acid (in this 
case leucine, abbreviated Leu) by another amide functional group. Write a detailed mechanism for this step (from the 
mixed anhydride of Z-Ala to Z-Ala-Leu). Show how CO» and ethanol are formed in the course of this mechanism. 


4. A sequence of reactions commonly used for solid-phase peptide synthesis is shown in Section 24.7D. 
(a) Write a detailed mechanism for step 1, in which diisopropylcarbodiimide is used to join the carboxyl group of 
the first amino acid (in Fmoc-protected form) to a hydroxyl group on the polymer solid support. 
(b) Step 3 of the automated synthesis involves removal of the Fmoc group by reaction with piperidine (a reaction 
also shown in Section 24.7A). Write a detailed mechanism for this step. 


Reactions at the a Carbon 
of Carbonyl Compounds 


Enols and Enolates 


Glyceraldehyde-3-phosphate (GAP). 


When we exercise vigorously, our bodies rely heavily on the metabolic process of glycolysis to derive energy 
from glucose. Glycolysis splits glucose into two three-carbon molecules. Only one of these three-carbon mol- 
ecules (glyceraldehyde-3-phosphate, GAP, shown above) is directly capable of going further in the glycolytic 
pathway. The other three-carbon molecule (dihydroxyacetone-3-phosphate, DHAP) is not wasted, however. It 
is converted to a second molecule of GAP, via a type of intermediate that is key to our studies in this chapter— 
an enol (so named because the intermediate is an alkene alcohol). We shall learn about enols and enolates, 
their conjugate bases, in this chapter. 

In Chapter 16, we saw how aldehydes and ketones can undergo nucleophilic addition at their carbonyl 
groups. For example: 


H 
о O^ 
A H—Nu, Nucleophilic 
R R’ R В’ addition 
Nu 


In Chapter 17 we saw how substitution could occur at a carbonyl group if a suitable leaving group is present. 
This type of reaction is called acyl substitution. For example: 


(Proton transfer steps are involved in some nucleophilic addition and acyl substitution reactions, as detailed in 
Chapters 16 and 17.) 
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In this chapter we shall discuss reactions that derive from the weak acidity of 
hydrogen atoms on carbon atoms adjacent to a carbonyl group. These hydrogen 
atoms are called the a hydrogens, and the carbon to which they are attached is 


H 


а Hydrogens m 


are weakly acidic 
(pK, = 19—20). 


called the a carbon. 


18.1 The Acidity of the a Hydrogens of Carbonyl 
Compounds: Enolate Anions 


When we say that the a hydrogens of carbonyl compounds are acidic, we mean that they 
are unusually acidic for hydrogen atoms attached to carbon. 


@ The pK, values for the а hydrogens of most simple aldehydes or ketones are of the 
order of 19—20. 


This means that they are more acidic than hydrogen atoms of ethyne, pK, = 25, and are 
far more acidic than the hydrogens of ethene (pK, — 44) or of ethane (pK, — 50). 

The reasons for the unusual acidity of the œ hydrogens of carbonyl compounds are 
straightforward. 


@ The carbonyl group is strongly electron withdrawing, and when a carbonyl com- 
pound loses an а proton, the anion that is produced, called an enolate, is stabi- 
lized by delocalization. 


PX. oe POE ME 
vx. — БЕК c bod + we 
Д - ÁN 
A B 
———— 


Resonance structures for 
the delocalized enolate 


Two resonance structures, A and B, can be written for the enolate. In structure A the 
negative charge is on carbon, and in structure B the negative charge is on oxygen. Both 
structures contribute to the hybrid. Although structure A is favored by the strength of its 
carbon-oxygen т bond relative to the weaker carbon-carbon т bond of B, structure В 
makes a greater contribution to the hybrid because oxygen, being highly electronegative, 
is better able to accommodate the negative charge. We can depict the enolate hybrid in the 
following way: 


~ 8-7 
C= 
/ N 


Hybrid resonance structure 
for an enolate 


When this resonance-stabilized enolate accepts a proton, it can do so in either of two ways: 
It can accept the proton at carbon to form the original carbonyl compound in what is called 
the keto form or it may accept the proton at oxygen to form an enol (alkene alcohol). 


@ The enolate is the conjugate base of both the enol and keto forms. 


18.2 Keto and Enol Tautomers 


O°- "и om proton can add here. 


A proton сап ада here.~ Nn 


А4 + НВ 
VA NR, ЊУ 
H 
no. / 
p= ec +B zx e + B:- 
E M ia form 


Both of these reactions are reversible. 

A calculated electrostatic potential map for the enolate of acetone is shown below. The 
map indicates approximately the outermost extent of electron density (the van der Waals 
surface) of the acetone enolate. Red color near the oxygen is consistent with oxygen being 
better able to stabilize the excess negative charge of the anion. Yellow at the carbon where 
the a hydrogen was removed indicates that some of the excess negative charge is localized 
there as well. These implications are parallel with the conclusions above about charge dis- 
tribution in the hybrid based on delocalization and electronegativity effects. 


1 
Н.С, „Н 
| ~ 

H HH 


Acetone enolate 


18.2 Keto and Enol Tautomers 


The keto and enol forms of carbonyl compounds are constitutional isomers, but of a spe- 
cial type. Because they are easily interconverted in the presence of traces of acids and bases, 
chemists use a special term to describe this type of constitutional isomerism. 


© Interconvertible keto and enol forms are called tautomers, and their interconver- 
sion is called tautomerization. 


Under most circumstances, we encounter keto—enol tautomers in a state of equilibrium. 
(The surfaces of ordinary laboratory glassware are able to catalyze the interconversion and 
establish the equilibrium.) For simple monocarbonyl compounds such as acetone and 
acetaldehyde, the amount of the enol form present at equilibrium is very small. In acetone 
itis much less than 1%; in acetaldehyde the enol concentration is too small to be detected. 
The greater stability of the following keto forms of monocarbonyl compounds can be related 
to the greater strength of the carbon-oxygen т bond compared to the carbon-carbon т bond 
(~364 versus ~250 kJ тој“ |): 


Keto Form Enol Form Helpful Hint 


OH Keto-enol tautomers are not 


O 
resonance structures. They are 
H H constitutional isomers in 
= equilibrium (generally favoring the 
(~100%) (extremely small) keto form). 


Acetaldehyde 
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Helpful Hint 


See "The Chemistry of... 

TIM (Triose Phosphate Isomerase) 
Recycles Carbon via an Enol" in 
WileyPLUS for more information 
relating to this chapter's opener 

about an important energy- 
yielding biochemical process. 


Solved Problem 18.1 


Chapter 18 Reactions at the a Carbon of Carbonyl Compounds 


О OH 
Acetone zs === aA 
(>99%) (1.5 x 10-496) 
O OH 
Cyclohexanone Eca A 
(98.8%) (1.2%) 


In compounds whose molecules have two carbonyl groups separated by one carbon atom 
(called 8-dicarbonyl compounds), the amount of enol present at equilibrium is far higher. 
For example, pentane-2,4-dione exists in the enol form to an extent of 76%: 


O O OH O 
PW a AA 
Pentane-2,4-dione Enol form 
(24%) (76%) 


@ The greater stability of the enol form of B-dicarbonyl compounds can be attributed 
to resonance stabilization of the conjugated double bonds and (in a cyclic form) 
through hydrogen bonding. 


Hydrogen bond 
SH Em 
“Oz :0: 


or 


e - 
ес 


Resonance stabilization of the enol form 


Write bond-line structures for the keto and enol forms of 3-pentanone. 


ANSWER 


Review Problem 18.1 


O :OH 
Re yy E ee 
Keto Enol 


For all practical purposes, the compound cyclohexa-2,4-dien-1-one exists totally in its enol 
form. Write the structure of cyclohexa-2,4-dien-1-one and of its enol form. What special 
factor accounts for the stability of the enol form? 


18.3 Reactions via Enols and Enolates 


18.3A Racemization 


When a solution of (R)-(+)-2-methyl-1-phenylbutan-1-one (see the following reaction) in 
aqueous ethanol is treated with either acids or bases, the solution gradually loses its opti- 
cal activity. After a time, isolation of the ketone shows that it has been completely racem- 
ized. The (+) form of the ketone has been converted to an equimolar mixture of its 
enantiomers through its enol form. 


18.3 Reactions via Enols and Enolates 
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OH 
OH- or H;O* di 
(R)-(+)-2-Methyl-1 Enol (+)-2-Methyl-1- 
phenylbutan-1-one (achiral) phenylbutan-1-one 


(racemic form) 


@ Racemization at an a carbon takes place in the presence of acids or bases because 
the keto form slowly but reversibly changes to its enol and the enol is achiral. 


When the enol reverts to the keto form, it can produce equal amounts of the two 
enantiomers. 


A base catalyzes the formation of an enol through the intermediate formation of an eno- 
late anion. 


A MECHANISM FOR THE REACTION 


Base-Catalyzed Enolization 


ee 
O: Ten dot 
N G ОТ, Е - 
ETA = T == pak + :iOH- 
HÖ: H 
Enolate Enol 
(achiral) (achiral) 


An acid can catalyze enolization in the following way. 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Enolization 


О: H—O—H OH :O—H 
p é + | === 05 j == Dc c dt H ot H 
Mo H = Ce = = TAA 
MA N a N 7 i | 
H t dt H 
о Enol 
0 i (achiral) 


H 
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In acyclic ketones, the enol or enolate formed can be (E) or (Z). Protonation on one 
face of the (E) isomer and protonation on the same face of the (Z) isomer produces enantiomers. 


Review Problem 18.2 Would optically active ketones such as the following undergo acid- or base-catalyzed racem- 
ization? Explain your answer. 


О 


6 Diastereomers that differ in configuration at only one of several chirality centers 
are sometimes called epimers. 


Keto-enol tautomerization can sometimes be used to convert a less stable epimer to a more 
stable one. This equilibration process is an example of epimerization. An example is the 
epimerization of cis-decalone to trans-decalone: 


O O 


zE 
eui TTE 


H H 
cis-Decalone trans-Decalone 


Solved Problem 18.2 


Treating racemic 2-methyl-1-phenylbutan-1-one with NaOD in the presence of 020 produces a deuterium-labeled 
compound as a racemic form. Write a mechanism that explains this result. 


© 
Т Сб Н5 


Racemic 


STRATEGY AND ANSWER Either enantiomer of the ketone can transfer an o proton to the OD ion to form an 
achiral enolate which can accept a deuteron to form a racemic mixture of the deuterium-labeled product. 


(еў : On 
m 
Cdi = A CeHs — 


O 


20D 
$ “СН = 
H 


Racemic Achiral enolate DEOR, 
O © 
ан d doen 
S" D D 
Racemic 
Review Problem 18.3 Write a mechanism using sodium ethoxide in ethanol for the epimerization of cis-decalone 


to trans-decalone. Draw chair conformational structures that show why trans-decalone is 
more stable than cis-decalone. You may find it helpful to also examine handheld molecu- 
lar models of cis- and trans-decalone. 


18.3 Reactions via Enols and Enolates 


18.3B Halogenation at the a Carbon 


€ Carbonyl compounds bearing an а hydrogen can undergo halogen substitution at 
the а carbon in the presence of acid or base. 


H O X O 

fo. yx, аа, v d анх 
«2 Б 2 or base "7 \ 
(Racemic) 


Base-Promoted Halogenation In the presence of bases, halogenation takes place 
through the slow formation of an enolate anion or an enol followed by a rapid reaction of 
the enolate or enol with halogen. 


A MECHANISM FOR THE REACTION 


Base-Promoted Halogenation of Aldehydes and Ketones 


H E ÓH 
Е А Y slow \ 7 fast N, 
Step 1 Ва dM eU === B:H + C=C = C=C + B= 
uA D А \ А N 
Enolate Enol 
(resonance hybrid) 
On О: X О: 
y ~ "E | 
Step 2 ceo deme m a B EX 
/ N ES EY B: 
Enolate (Racemic) 


(contributing resonance structures) 


As we shall see in Section 18.3C, multiple halogenations can occur. 


Acid-Catalyzed Halogenation In the presence of acids, halogenation takes place through 
the slow formation of an enol followed by rapid reaction of the enol with the halogen. 


A MECHANISM FOR THE REACTION 


Acid-Catalyzed Halogenation of Aldehydes and Ketones 


(a 
H О: H O—H :O—H 
у # m (ч fast gs f slow \ / 
Step 1 „СС + н:в=== С=с = C= + H:B 
15 às 72 X / N 
Enol 
сб—н X pat 
Step 2 5 RES Bd + o X 
/ | 2 N 
А y 
X O—H X О: 
N # pow fast A # 
Step 3 -C=C + X === „C—C + HX 
SAN AA 


Racemic 
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Review Problem 18.4 


Review Problem 18.5 
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Part of the evidence that supports these mechanisms comes from studies of reaction kinet- 
ics. Both base-promoted and acid-catalyzed halogenations of ketones show initial rates that 
are independent of the halogen concentration. The mechanisms that we have written are 
in accord with this observation: In both instances the slow step of the mechanism occurs 
before the intervention of the halogen. (The initial rates are also independent of the nature 
of the halogen; see Review Problem 18.5.) 


Why do we say that the halogenation of ketones in a base is “base promoted” rather than 
“base catalyzed"? 


Additional evidence for the halogenation mechanisms that we just presented comes from 
the following facts: (a) Optically active 2-methyl-l-phenylbutan-1-one undergoes acid-cat- 
alyzed racemization at a rate exactly equivalent to the rate at which it undergoes acid-cat- 
alyzed halogenation. (b) 2-Methyl-1-phenylbutan-l-one undergoes acid-catalyzed 
iodination at the same rate that it undergoes acid-catalyzed bromination. (c) 2-Methyl-1- 
phenylbutan-1-one undergoes base-catalyzed hydrogen-deuterium exchange at the same rate 
that it undergoes base-promoted halogenation. Explain how each of these observations sup- 
ports the mechanisms that we have presented. 


18.3C The Haloform Reaction 


When methyl ketones react with halogens in the presence of excess base, multiple halo- 
genations always occur at the carbon of the methyl group. Multiple halogenations occur 
because introduction of the first halogen (owing to its electronegativity) makes the remain- 
ing а hydrogens on the methyl carbon more acidic. The resulting CX3 group bonded to the 
carbonyl can be a leaving group, however. Thus, when hydroxide is the base, an acyl sub- 
stitution reaction follows, leading to a carboxylate salt and a haloform (CHXs, e.g., chlo- 
roform, bromoform, or iodoform). The following is an example. 


О О 
3X, 3OH- CX = 07 
es > do Wwe de + CHX, 
A haloform 
(X = Cl, Br, 1) 


The haloform reaction is one of the rare instances in which a carbanion acts as a leav- 
ing group. This occurs because the trihalomethyl anion is unusually stable; its negative 
charge is dispersed by the three electronegative halogen atoms (when X = Cl, the conju- 
gate acid, CHCla, has pK, = 13.6). In the last step, a proton transfer takes place between 
the carboxylic acid and the trihalomethyl anion. 

The haloform reaction is synthetically useful as a means of converting methyl ketones 
to carboxylic acids. When the haloform reaction is used in synthesis, chlorine and bromine 
are most commonly used as the halogen component. Chloroform (СНСІз) and bromoform 
(CHBr3) are both liquids which are immiscible with water and are easily separated from 
the aqueous solution containing the carboxylate anion. When iodine is the halogen com- 
ponent, the bright yellow solid iodoform (СНІз) results. This version is the basis of the iod- 
oform classification test for methyl ketones and methyl secondary alcohols (which are 
oxidized to methyl ketones first under the reaction conditions): 


0 |, НО“ ? 
" 
"S botn in” T "- + CHI! 
excess) 
A methyl lodoform 
ketone (a yellow 


precipitate) 
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18.3 Reactions via Enols and Enolates 


A MECHANISM FOR THE REACTION 


The Haloform Reaction 


Halogenation Step 


"o ‘0° "o ‘0: 
H X Repeat CX 
KJ OX B : 8 x ay + yE steps 
| twice 
:0 8 
SS 
Enolate 
Acyl substitution step 
"(OPE O O 
5 
CX, ÖH SCX, OH Q:- 
=> == PCR, == 2 + CHX, 
Carboxylate A haloform 


anion 


Chloroform in Drinking Water 


When water is chlorinated to purify it for public consump- 
tion, chloroform is produced from organic impurities in the 
water via the haloform reaction. (Many of these organic 
impurities are naturally occurring, such as humic substances.) 
The presence of chloroform in public water is of concern for 
water treatment plants and environmental officers, because 


chloroform is carcinogenic. Thus, the technology that solves 
one problem creates another. It is worth recalling, however, 
that before chlorination of water was introduced, thousands 
of people died in epidemics of diseases such as cholera and 
dysentery. 


18.3D a-Halo Carboxylic Acids: The Hell-Volhard-Zelinski 
Reaction 


Carboxylic acids bearing а hydrogen atoms react with bromine or chlorine in the presence 
of phosphorus (or a phosphorus halide) to give a-halo carboxylic acids through a reaction 
known as the Hell- Volhard-Zelinski (or HVZ) reaction. 
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General Reaction 


О О 
я Д ОР А 
он (2)H,0 OH 
X 
a-Halo acid 
Specific Example 
O O 
pu (1) Br, P (2) ЊО 
OH Br OH 
Br Br 
Butanoic acid 2-Bromobutanoic acid 
(77%) 


If more than one molar equivalent of bromine or chlorine is used in the reaction, the prod- 
ucts obtained are a,a-dihalo acids ог a,a@,q-trihalo acids. 

Important steps in the reaction are formation of an acy] halide and the enol derived from 
the acyl halide. The acyl halide is key because carboxylic acids do not form enols readily 
since the carboxylic acid proton is removed before the a hydrogen. Acyl halides lack the 
carboxylic acid hydrogen. 


H 
О О Om О О 
Р + Br; Q H,O 
R => R — R z ===> R + HBr — R + HBr 
OH (РВ) Br Br Br OH 
Br--Br Br Br 
Acyl Enol 
bromide form 


An alternative method for a-halogenation has been developed by D. N. Harpp (McGill 
University). Acyl chlorides, formed in situ by the reaction of the carboxylic acid with SOClo, 
are treated with the appropriate N-halosuccinimide and a trace of HX to produce a-chloro 
and a-bromo acyl chlorides. 


О О 
О О 
HX 
RA Ра N-X on ax " N—H 
O X O 


а-Тодо acyl chlorides can be obtained by using molecular iodine in a similar reaction. 
O 


О 
я. АД + 1 <> LA 
CI SOCL а! 


| 
a-Halo acids are important synthetic intermediates because they are capable of reacting 
with a variety of nucleophiles: 
Conversion to a-Hydroxy Acids 
O O 
R = R 
oos (1) OH Los " X 
(2) HO” 
X OH 
a-Halo acid a-Hydroxy acid 


18.4 Lithium Enolates la 841 


Specific Example 


O O 
oos (1) COS H,O, 100°C oos 
(2) H30 
Br OH 
2-Hydroxybutanoic acid 
(69%) 


Conversion to a-Amino Acids 


sho 2NH, s + NH,X 


NH; 
mum acid a-Amino acid 


Specific Example 
O 


O 
A tii "А 
Вг он —— —^ Н;М o7 + NH,Br 


Aminoacetic acid 
(glycine) 
(60-64%) 


18.4 Lithium Enolates 


The position of the equilibrium by which an enolate forms depends on the strength of the base 
used. If the base employed is a weaker base than the enolate, then the equilibrium lies to the 
left. This is the case, for example, when a ketone is treated with sodium ethoxide in ethanol. 


о а Nat 
pu +  EtONa = = J + EtOH 
Weakeracid Weaker base Stronger base Stronger acid 
(pK, = 19) (pK, = 16) 


On the other hand, if a very strong base is employed, the equilibrium lies far to the right. 
One very useful strong base for converting carbonyl compounds to enolates is lithium diiso- 
propylamide (LDA) or LiN(i-Pr)2: 


О 5– Ма“ 
E +  LiN(-P), — pu + НМР 


Ketone LDA Enolate Diisopropylamine 
(stronger acid) (stronger (weaker (weaker acid) 
(pK, = 19) base) base) (pK, = 38) 


€ Lithium diisopropylamide (LDA) can be prepared by dissolving diisopropylamine 
in a solvent such as diethyl ether or THF and treating it with an alkyllithium: 


H Li* 


A ko -— 
meti n Apa d 


Butyllithium Diisopropylamine Lithium diisopropylamide Butane 
(BuLi) (pK, = 38) [LDA or LiN(i-Pr),] (pK, = 50) 
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18.4A Regioselective Formation of Enolates 


О An unsymmetrical ketone such as 2-methylcyclohexanone can form two possible enolates, 
arising by removal of an o hydrogen from one side or the other of the carbonyl group. Which 
enolate predominates in the reaction depends on whether the enolate is formed under con- 
ditions that favor an acid-base equilibrium. 


2-Methylcyclohexanone € The thermodynamic enolate is that which is most stable among the possible 
enolates. Enolate stability is evaluated in the same way as for alkenes, meaning 
that the more highly substituted enolate is the more stable one. 


ө The thermodynamic enolate predominates under conditions where a deprotonation- 
protonation equilibrium allows interconversion among the possible enolates, such 
that eventually the more stable enolate exists in higher concentration. This is 
the case when the pK, of the conjugate acid of the base is similar to the pK, of 
the o hydrogen of the carbonyl compound. Use of hydroxide or an alkoxide in a 
protic solvent favors formation of the thermodynamic enolate. 


6 The kinetic enolate is that which is formed fastest. It is usually formed by removal 
of the least sterically hindered а hydrogen. 


ө The kinetic enolate predominates under conditions that do not favor equilibrium 
among the possible enolates. Use of a very strong and sterically hindered base in 
an aprotic solvent, such as LDA in tetrahydrofuran (THF) or dimethoxyethane 
(DME) favors formation of the kinetic enolate. 


Conditions favoring formation of the thermodynamic and kinetic enolates from 
2-methylcyclohexanone are illustrated below. 


Formation of a Thermodynamic Enolate 


B: = 
(8) 
од O- This enolate is more stable 
H because the double bond 
H : hiahl - 
_weak base ina _ is more highly substituted. 
ems It is the predominant 
7 protic solvent — enolate at equilibrium. 
Kinetic 2-Methylcyclohexanone Thermodynamic 
(less stable) (more stable) 
enolate enolate 


Formation of a Kinetic Enolate 


о-и" This enolate is formed 


O 
G РУ KON faster because the 
Li*-N(-Pr), hindered strong base 
H LA, removes the less hindered 
proton faster. 


Kinetic enolate 


18.4B Direct Alkylation of Ketones via Lithium Enolates 


The formation of lithium enolates using lithium diisopropylamide furnishes a useful way 

Helpful Hint of alkylating ketones in a regioselective way. For example, the lithium enolate formed 

Alkylation of lithium enolates is a from 2-methylcyclohexanone can be methylated or benzylated at the less hindered a 

useful method for synthesis. carbon by allowing it to react with LDA followed by methyl iodide or benzyl bromide, 
respectively: 


Z-A 
18.4 Lithium Enolates = ‘л 843 
О 
H,C CH, 
CH,—I 
O Lit O- a 
H.C H.C ac 56% 

LDA NN 

DME p аы о 

(-LiBr) H.C 
| сен, 
42-45% 
Alkylation reactions like these have an important limitation, however, because the reactions He Ipful Hint 


are 542 reactions, and also because enolates are strong bases. 
Proper choice of the alkylating 


@ Successful alkylations occur only when primary alkyl, primary benzylic, and pri- agent is н) z a lithium 
mary allylic halides are used. With secondary and tertiary halides, elimination MEN ој 
becomes the main course of the reaction. 


18.4C Direct Alkylation of Esters 


Examples of the direct alkylation of esters are shown below. In the second example the 
ester is a lactone (Section 17.7C): 


O 


О PPS OMe 
idi: Ee x< Омеј____ 
м! 


ОМе THF 


Methyl butanoate Methyl 2-ethylbutanoate 


(96%) 
O O O 
А LDA CH, ^ dii 
О О EN з О 
Н тне” H? H 
Butyrolactone 2-Methylbutyrolactone 
(88%) 


Solved Problem 18.3 


The following synthesis illustrates the alkylation of a ketone via a lithium enolate. Give the structures of the eno- 
late and the alkylating agent. 
alkylating 


O LDA, Lithium _ agent , 
pu enolate од 
(OF qp Br 
M 


Lithium Alkylating 
enolate agent 


ANSWER 
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Review Problem 18.6 (a) Write a reaction involving a lithium enolate for introduction of the methyl group in the 
following compound (an intermediate in a synthesis by E. J. Corey of cafestol, an anti- 
inflammatory agent found in coffee beans): 


О 
d 


O 
(b) Dienolates can be formed from f9-keto esters using two equivalents of LDA. The dieno- 
late can then be alkylated selectively at the more basic of the two enolate carbons. Write 
a reaction for synthesis of the following compound using a dienolate and the appro- 
priate alkyl halide: 


O OQ 
OCH, 


N 


(CH4),Si 


18.5 Enolates of B-Dicarbonyl Compounds 


€ Hydrogen atoms that are between two carbonyl groups, as in a -dicarbonyl com- 
pound, have pK, values in the range of 9-11. Such a-hydrogen atoms are much 
more acidic than а hydrogens adjacent to only one carbonyl group, which have 
pK, values of 18-20. 


x A "uw 
H H 
pK, 9-11 pK, 18-20 


€ A much weaker base than LDA, such as an alkoxide, can be used to form an eno- 
late from a B-dicarbonyl compound. 


O О О О 


хук = h he t POR 


H 


We can account for the greater acidity of B-dicarbonyl systems, as compared to single car- 
bonyl systems, by delocalization of the negative charge to two oxygen atoms instead of one. 
We can represent this delocalization by drawing contributing resonance structures for a B- 
dicarbonyl enolate and its resonance hybrid: 


E о p O; io : Ó = : О = E о А p E о 
| " | | ri o |l — | | 
оо | we e Nu T t ug Spr 7 J peo 
6— 
| | | | 
Contributing resonance structures Resonance hybrid 


We can visualize the enhanced charge delocalization of a 9-dicarbonyl enolate by exam- 
ining maps of electrostatic potential for enolates derived from pentane-2,4-dione and ace- 
tone. Here we see that the negative charge of the enolate from pentane-2,4-dione is 
associated substantially with the two oxygen atoms, as compared with the enolate from ace- 
tone, where significant negative charge in the enolate remains at the a-carbon atom: 


Z-A 
18.6 Synthesis of Methyl Ketones: The Acetoacetic Ester Synthesis = la 845 


> & 


Pentane-2,4-dione enolate Acetone enolate 


Two specific B-dicarbonyl compounds have had broad use in organic synthesis. These 
are acetoacetic ester (ethyl acetoacetate, ethyl 3-oxobutanoate), which can be used to make 
substituted acetone derivatives, and diethyl malonate (diethyl 1,3-propanedicarboxylic 
acid), which can be used to make substituted acetic acid derivatives. We shall consider 
syntheses involving ethyl acetoacetate and diethyl malonate in the upcoming sections of 
this chapter. 


О O О О 
Pee m oe 
Acetoacetic ester Diethyl malonate 

(ethyl acetoacetate; (diethyl 1,3-propanedicarboxylic acid) 


ethyl 3-oxobutanoate) 


18.6 Synthesis of Methyl Ketones: The Acetoacetic Ester Synthesis 


Acetoacetic ester, because it is a B-dicarbonyl compound, can easily be converted to an eno- 
late using sodium ethoxide. We can then alkylate the resulting enolate (called sodioace- 
toacetic ester) with an alkyl halide. This process is called an acetoacetic ester synthesis. 


O О oO 0 O O 
EtON A LA. R—X 
А ОК 8. x OEt А ОЕ + Мах 
+ 
Na R 
Acetoacetic Sodioacetoacetic Monoalkylacetoacetic 
ester ester ester 


@ Since the alkylation in the reaction above is an 542 reaction, the best yields are 
obtained from the use of primary alkyl halides (including primary allylic and ben- 
zylic halides) or methyl halides. Secondary halides give lower yields, and tertiary 
halides give only elimination. 


Dialkylation The monoalkylacetoacetic ester shown above still has one appreciably 
acidic hydrogen, and, if we desire, we can carry out a second alkylation. Because a 
monoalkylacetoacetic ester is somewhat less acidic than acetoacetic ester itself due to the 
electron-donating effect of the added alkyl group, it is usually helpful to use a stronger base 
than ethoxide ion for the second alkylation. Use of potassium fert-butoxide is common 
because it is a stronger base than sodium ethoxide. Potassium fert-butoxide, because of its 
steric bulk, is also not likely to cause transesterification. 
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Kt 
O O O O O O 
A Aon нок ов BUX, P + KX 
R R R R 
Monoalkylacetoacetic Dialkylacetoacetic 
ester ester 


Substituted Methyl Ketones To synthesize a monosubstituted methyl ketone (mono- 
substituted acetone), we carry out only one alkylation. Then we hydrolyze the monoalky- 
lacetoacetic ester using aqueous sodium or potassium hydroxide. Subsequent acidification 
of the mixture gives an alkyl-acetoacetic acid, and heating this B-keto acid to 100°C brings 
about decarboxylation (Section 17.10): 


O О О О О О а 
H4O* 
A Ave 22 A Aone LE A он c pe + со, 
R R R 


= — ни 
Basic hydrolysis of the ester group Acidification Decarboxylation of the B-keto acid 


A specific example is the following synthesis of 2-heptanone: 


O О 
O O 
pu (1) NaOEt/EtOH OEt (1) ад. NaOH 
OEt (2) ~~ pr (2) H,O* 
Ethyl acetoacetate Ethyl butylacetoacetate 
(acetoacetic ester) (69-72%) 


O 


_heat РЕА 


2-Heptanone 
(52-61% overall from 
ethyl acetoacetate) 


O, 


If our goal is the preparation of a disubstituted acetone, we carry out two successive 
alkylations, we hydrolyze the dialkylacetoacetic ester that is produced, and then we decar- 
boxylate the dialkylacetoacetic acid. An example of this procedure is the synthesis of 
3-butyl-2-heptanone. 


O O О O 
Е (1) NAaOEUEtOH OEt  (1)tBuOK/tBuOH 
Mas canchas: foi y 
Dye Sr ge (2 AOS Be 
(first alkylation) (second alkylation) 
Ethyl butylacetoacetate 
(69-72%) 
(1) _1) ад. NaOH , NaOH ___ heat — 
(2) (BHO 30° — -co, ^ 
(hydrolysis) (decarboxylation) 
Ethyl dibutylacetoacetate 3-Butyl-2-heptanone 


(77%) 
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Although both alkylations in the example just given were carried out with the same alkyl 
halide, we could have used different alkyl halides if our synthesis had required it. 


€ As we have seen, ethyl acetoacetate is a useful reagent for the preparation of sub- 
stituted acetones (methyl ketones) of the types shown below. 


O O 
R' 
A monosubstituted acetone A disubstituted acetone 


ө Ethyl acetoacetate therefore serves as the synthetic equivalent of the enolate from 
acetone shown below. 


A synthetic equivalent is a reagent whose structure, when incorporated into a product, gives 
the appearance of having come from one type of precursor when as a reactant it actually 
had a different structural origin. Although it is possible to form the enolate of acetone, use 
of ethyl acetoacetate as a synthetic equivalent is often more convenient because its a hydro- 
gens are so much more acidic (pK, = 9-11) than those of acetone itself (pK, = 19-20). If 
we had wanted to use the acetone enolate directly, we would have had to use a much stronger 
base and other special conditions (see Section 18.4). 


O O O 
AA OEt is the synthetic equivalent of pu 
Ethyl acetoacetate ion Acetone enolate 


Solved Problem 18.4 


Explain how compounds with the following general structure are formed as occasional side products of sodioace- 
toacetic ester alkylations. 


OR O 


zu ИЕ 


STRATEGY AND ANSWER The partially negative oxygen atom of the sodioacetoacetic ester enolate acts as a 
nucleophile. 


о о cq 
MX Es Eh pu S + Br 
PSOE OEt OEt 


Solved Problem 18.5 


Show how you would use the acetoacetic ester synthesis to prepare 2-pentanone. 


STRATEGY AND ANSWER 
Retrosynthetic Analysis 


O O O О O O O 
N i x = zem 
OH OEt OEt 
+ CO, 
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Synthesis 


О 
Ре ПРИ (1) NaOEt (1) dil. NaOH, heat 
он (2)~ Св OEt (2)H,0* 


Review Problem 18.7 Show how you would use the acetoacetic ester synthesis to prepare (a) 3-propyl-2-hexa- 
none and (b) 4-phenyl-2-butanone. 


Review Problem 18.8 The acetoacetic ester synthesis generally gives best yields when primary halides are used in 
the alkylation step. Secondary halides give low yields, and tertiary halides give practically no 
alkylation product at all. (a) Explain. (b) What products would you expect from the reaction 
of sodioacetoacetic ester and tert-butyl bromide? (c) Bromobenzene cannot be used as an aryl- 
ating agent in an acetoacetic ester synthesis in the manner we have just described. Why not? 


The acetoacetic ester synthesis can also be carried out using halo esters and halo ketones. 
The use of an a-halo ester provides a convenient synthesis of y-keto acids: 


о 
O O O O O O 
B 
OEt E OEt OEt 


O O O О 


он heat 
=== ——— H 
Ae _ = 
о о о 


4-Oxopentanoic acid 
(a y-keto acid) OH OH 


Review Problem 18.9 In the synthesis of the keto acid just given, the dicarboxylic acid decarboxylates in a spe- 


cific way; it gives 
O O O 
OH 
rather than OH 


O 
Explain. 


The use of an a-halo ketone in an acetoacetic ester synthesis provides a general method 
for preparing y-diketones: 
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О О О 
A К NaOEt, AL, 
OEt x 
(1) aq. HO 
(2) HO* 
О О О 
R 
= Peat 
У = CO OH 
О о 
A y-diketone 
R 
How would you use the acetoacetic ester synthesis to prepare the following? Review Problem 18.10 
O 
O 


18.6A Acylation 


Anions obtained from acetoacetic esters undergo acylation when they are treated with acyl He Ipful Hint 
chlorides or acid anhydrides. Because both of these acylating agents react with alcohols, | 
acylation reactions cannot be carried out in ethanol and must be carried out in aprotic sol- 
vents such as DMF or DMSO (Section 6.13C). (If the reaction were to be carried out in 
ethanol, using sodium ethoxide, for example, then the acyl chloride would be rapidly con- 
verted to an ethyl ester and the ethoxide ion would be neutralized.) Sodium hydride can be 
used to generate the enolate ion in an aprotic solvent: 


A method for synthesizing 
B-dicarbonyl compounds 


O O O O O O 
Jod m, А Д "о 
OEt aprotic X OEt OEt 
solvent 
(0) R 
(1) ад. НО" 
(2) НО? 
O (0) O O 
pes = heat | 
R = А Jm 26: 
A B-diketone 
о R 
How would you use the acetoacetic ester synthesis to prepare the following? Review Problem 18.11 


O O 
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18.7 Synthesis of Substituted Acetic Acids: The Malonic Ester Synthesis 


A useful counterpart of the acetoacetic ester synthesis—one that allows the synthesis of 
mono- and disubstituted acetic acids—is called the malonic ester synthesis. The starting 
compound is the diester of a B-dicarboxylic acid, called a malonic ester. The most com- 
monly used malonic ester is diethyl malonate. 


Diethyl malonate (a 8-dicarboxylic acid ester) 


We shall see by examining the following mechanism that the malonic ester synthesis 
resembles the acetoacetic ester synthesis in several respects. 


A MECHANISM FOR THE REACTION 


The Malonic Ester Synthesis of Substituted Acetic Acids 


Step 1 Diethyl malonate, the starting compound, forms a relatively stable enolate: 


o o 
«o y чон 
H 


\:0Et 
1 
À (9: ’ (Өр 8 О: z о: E O° 165 
БО Px^ сова — БО V^ “Ов — Et A “ОЕ 
+ HOEt 


Resonance-stabilized anion 


Step 2 This enolate can be alkylated in an Sy2 reaction, 


О О © О 
p — «o y ов +X- 
+> REX R 
Enolate Monoalkylmalonic ester 


and the product can be alkylated again if our synthesis requires it: 


© © 
EtO ОБ 
L О КА Oo 
= 294 
EtO oa #2. BO OEt 
R 4 xy 


Dialkylmalonic ester 


Z-A 
18.7 Synthesis of Substituted Acetic Acids: The Malonic Ester Synthesis = = ‘л 851 


Step 3З The mono- or dialkylmalonic ester can then be hydrolyzed to a mono- or dialkylmalonic acid, and substituted 
malonic acids decarboxylate readily. Decarboxylation gives a mono- or disubstituted acetic acid: 


O O O O 
F heat 
ie R е Ho os =, 
R R 
Monoalkylmalonic ester 
H 
оу CO O 
ЈЕ EN 
HO O =; HO 
R R 
or after dialkylation, Monoalkylacetic acid 
O O (е О 
«o у чов Me. с) ој] eade 
(2) Н.О" 


R R' R А 


Dialkylmalonic ester 


H о 
p 
—— 
io^ c o E 
R 
RR 


Dialkylacetic acid 


Two specific examples of the malonic ester synthesis are the syntheses of hexanoic acid 
and 2-ethylpentanoic acid that follow. 


A Malonic Ester Synthesis of Hexanoic Acid 
O O 


O 
o KOH, refl PTS 
по Ков ono (1) NaOEt (1) 50% KOH, reflux reflux OH 


2) dil. 72) dil. H,SO,, reflux (-CO;) ^ ?SO,, reflux (—CO,) 
(p) e sr Hexanoic acid (75%) 


Diethyl butylmalonate 
(80-90%) 


A Malonic Ester Synthesis of 2-Ethylpentanoic Acid 


О О 


"€ — 01) NaOEt (1) виок _, 


(2) (2) Г у / N о) (2)H,O* > 40" 


Diethyl ethylmalonate Diethyl ethylpropylmalonate 


H 
O Do 
O 
J GP -CO 


О 
НО X OH — HO о are vx» 


Ethylpropylmalonic acid 2-Ethylpentanoic acid 
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Solved Problem 18.6 


Provide structures for compounds A and B in the following synthesis. 


A M (1) NaOEt (1) 5096 KOH, reflux SR 
=» B = S 
EtO OEt (2) A (2) dil. H5SO,, reflux, (-CO;) OH 


ANSWER 
O 
a О ЛАА SS OEt 
О OEt 
Review Problem 18.12 Outline all steps in a malonic ester synthesis of each of the following: (a) pentanoic acid, 


(b) 2-methylpentanoic acid, and (c) 4-methylpentanoic acid. 


Two variations of the malonic ester synthesis make use of dihaloalkanes. In the first of 
these, two molar equivalents of sodiomalonic ester are allowed to react with a dihaloalkane. 
Two consecutive alkylations occur, giving a tetraester; hydrolysis and decarboxylation of 
the tetraester yield a dicarboxylic acid. An example is the synthesis of glutaric acid: 


O 
OEt ЕО. ,O O, „ОЕ 
сна, + 2Na'*: : a aq. НС! — 
OEt EtO OEt evaporation, hea 
О о d 
HO OH 
Y ^Y + 2CO, + 4EtOH 
O Ó 


Glutaric acid 
(80% from tetraester) 


In a second variation, one molar equivalent of sodiomalonic ester is allowed to react with 
one molar equivalent of a dihaloalkane. This reaction gives a haloalkylmalonic ester, which, 
when treated with sodium ethoxide, undergoes an internal alkylation reaction. This method 
has been used to prepare three-, four-, five-, and six-membered rings. An example is the 
synthesis of cyclobutanecarboxylic acid: 


O 
Et ccn 
Ма“ + BÉ] A Br —— 
Et bo 
O 
О 
Et 
EtONa 
Вг —— 
Et 


18.8 Further Reactions of Active Hydrogen Compounds 


O 
Et 
ter 
Et 
O 


hydrolysis and 
decarboxylation 


e 
HO 
Cyclobutanecarboxylic acid 


€ As we have seen, the malonic ester synthesis is a useful method for preparing Helpful Hint 
mono- and dialkylacetic acids: The malonic ester synthesis is a 
e) tool for synthesizing substituted 
О acetic acids. 
R 
R OH 
OH 


R' 
A monoalkylacetic acid A dialkylacetic acid 


© Thus, the malonic ester synthesis provides us with a synthetic equivalent of an 
ester enolate of acetic acid or acetic acid dianion. 


T om -, Ра 
m OEt 15 the synthetic equivalent of and 


Diethyl malonate anion O 


Direct formation of such anions is possible (Section 18.4), but it is often more conve- 
nient to use diethyl malonate as a synthetic equivalent because its œ hydrogens are more 
easily removed. 

In Special Topic E we shall see biosynthetic equivalents of these anions. 


18.8 Further Reactions of Active Hydrogen Compounds 


Because of the acidity of their methylene hydrogens malonic esters, acetoacetic esters, and 
similar compounds are often called active hydrogen compounds or active methylene com- 
pounds. Generally speaking, active hydrogen compounds have two electron-withdrawing 
groups attached to the same carbon atom: 
Z РА 
М 
Active hydrogen compound 
(Z and Z' are electron-withdrawing groups.) 
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The electron-withdrawing groups can be a variety of substituents, including 


Oo (0) е (0) 
A A A A x 
R H OR NR, 
O о 


| | | 
l —$—R —S—OR or —$—NR, 
~~~R | | | 
Ó Ó 


The range of pK, values for such active methylene compounds is 3-13. 
Ethyl cyanoacetate, for example, reacts with a base to yield a resonance-stabilized anion: 


"o "o: А o i 
:N МО IN E :N 
See E. tase, 8 < “у e ~ 
OEt -H: Qu^ "DE x OEt OEt 
Ethyl cyanoacetate Resonance structures for ethyl cyanoacetate anion 


Ethyl cyanoacetate anions also undergo alkylations. They can be dialkylated with iso- 
propyl iodide, for example: 


O 
A " no A c (1) EtONa/EtOH NC Or; AU EtONa/EtOH _ —. мо Дон 


> 
(2) H,O* 
(2) 
a 47 


63% 95% 


Review Problem 18.13 The antiepileptic drug valproic acid is 2-propylpentanoic acid (administered as the sodium 
salt). One commercial synthesis of valproic acid begins with ethyl cyanoacetate. The penul- 
timate step of this synthesis involves a decarboxylation, and the last step involves hydrol- 
ysis of a nitrile. Outline this synthesis. 


18.9 Synthesis of Enamines: Stork Enamine Reactions 


Aldehydes and ketones react with secondary amines to form compounds called enamines. 
The general reaction for enamine formation can be written as follows: 


| NR С == Ne ee 
| R H R | 

Aldehyde 2° Amine Enamine 

or ketone 


See Section 16.8C for the mechanism of enamine formation. 

Since enamine formation requires the loss of a molecule of water, enamine preparations 
are usually carried out in a way that allows water to be removed as an azeotrope or by a 
drying agent. This removal of water drives the reversible reaction to completion. Enamine 
formation is also catalyzed by the presence of a trace of an acid. The secondary amines 
most commonly used to prepare enamines are cyclic amines such as pyrrolidine, piperi- 
dine, and morpholine: 
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о Q Ê 
i i 
H H H 
Pyrrolidine Piperidine Morpholine 


Cyclohexanone, for example, reacts with pyrrolidine in the following way: 


0o Ẹ 


ў 
H 


— 
p-TsOH, —H,O 


N-(1-Cyclohexenyl)pyrrolidine 
(an enamine) 


Enamines are good nucleophiles. Examination of the resonance structures that follow show 
that we should expect enamines to have both a nucleophilic nitrogen and a nucleophilic car- 
bon. A map of electrostatic potential highlights the nucleophilic region of an enamine. 


F4 + 
N N 
(v е 
——— 
Contribution to the Contribution to the 
hybrid made by this hybrid made by this 
structure confers structure confers 
nucleophilicity on nucleophilicity on 
nitrogen. carbon and decreases A map of electrostatic potential for 
the nucleophilicity of N-(1-cyclohexenyl)pyrrolidine shows 
nitrogen. the distribution of negative charge and 
the nucleophilic region of an enamine. 
The nucleophilicity of the carbon of enamines makes them particularly useful reagents in : 
p y P y | Helpful Hint 


organic synthesis because they can be acylated, alkylated, and used in Michael additions 
(see Section 19.7A). Enamines can be used as synthetic equivalents of aldehyde or ketone Enamines are the synthetic 
enolates because the alkene carbon of an enamine reacts the same way as does the a car- E oe ns 
bon of an aldehyde or ketone enolate and, after hydrolysis, the products are the same. 
Development of these techniques originated with the work of Gilbert Stork of Columbia 
University, and in his honor they have come to be known as Stork enamine reactions. 
When an enamine reacts with an acyl halide or an acid anhydride, the product is the C- 
acylated compound. The iminium ion that forms hydrolyzes when water is added, and the 
overall reaction provides a synthesis of 8-diketones: 


о о 
4 о ( 3 " ( \ 
N Jd N о) N O [y 
— — H,O E 
+ с! t e- -=> + N е 
Sel с. ET 


Iminium salt 2-Acetylcyclohexanone 
(a B-diketone) 
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Although N-acylation may occur in this synthesis, the N-acyl product is unstable and 
can act as an acylating agent itself: 


O О“ О» О 


М N. | N N 
^j | x у" e 
Enamine N-Acylated C-Acylated Enamine 
enamine iminium salt 


As a consequence, the yields of C-acylated products are generally high. 

Enamines can be alkylated as well as acylated. Although alkylation may lead to the for- 
mation of a considerable amount of N-alkylated product, heating the N-alkylated product 
often converts it to a C-alkyl compound. This rearrangement is particularly favored when 
the alkyl halide is an allylic halide, benzylic halide, or o-haloacetic ester: 


Ку heat 


» 
R = CH;—CH — or C,H,— OY" +. X- 


C-Alkylated product 


|но 


Or 


H 


Enamine alkylations аге 52 reactions; therefore, when we choose our alkylating agents, 
we are usually restricted to the use of methyl, primary, allylic, and benzylic halides. a-Halo 
esters can also be used as the alkylating agents, and this reaction provides a convenient syn- 
thesis of y-keto esters: 


"2 OEt N H,O О 
+ Br tear OEt- Br- ^? OEt 
О 
Ó Ó 


A y-keto ester 
(75%) 
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Show how you could employ enamines in syntheses of the following compounds: Review Problem 18.14 


O O 


О 
(а) (с) ene 
Ó 
О 
OEt 
n o 
(b) “a (d) 


18.10 Summary of Enolate Chemistry 


1. Formation of an Enolate (Section 18.1) 


Resonance-stabilized enolate 


3B = “ÖH, FÖR, or :N(i-Pr); (Section 18.4) 
2. Racemization (Section 18.3A) 


в o во он ов о 
( OH | | OH ( 
R wey НО НО H ws 
Ho ca US W oe UO "и Ce: 


Enol (achiral) 
Enantiomers 
3. Halogenation of Aldehydes and Ketones (Sections 18.3B and 18.3C) 


General Reaction 
R acid R 
у + X or base R 


H X 
Specific Example—Haloform Reaction 


O O O 
H он“ X он PN E 
CeHs H + 3X, "HO CeHs X "HO CeHs O + CHX, 
X 


H 
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4. Halogenation of Carboxylic Acids: The HVZ Reaction (Section 18.3D) 
О О 
MUT А 
OH (2) но OH 
X 


5. Direct Alkylation via Lithium Enolates (Section 18.4) 
General Reaction 


O OLi* 
rR Д = RAL — R 
H(R’) THF, -78°C A H(R’) H(R)) 


(formation of 
the kinetic enolate) В” 


LDA 
—— 
THF, -78°C 
sr 


Specific Example 


6. Direct Alkylation of Esters (Section 18.4C) 


ree i das 


7. Acetoacetic Ester Synthesis (Section 18.6) 


О О O 
РО (1) NaOEt | (1) OH-, heat pw 
~ 
R (3) heat (—CO,) 
O O O 
дл, t OR, ) tBuOK ox, A hoe > "S Ы 
R R (3) heat (- CO,) R 
8. Malonic Ester Synthesis (Section ne 
O 
AL (1) _(1) NaOEt (1) ОН“, heat AR 
omer ов = oe. HO 
5) ues (—CO,) 
О 
(1) CEST Bee 0) НОТ, heat ) НО“, heat R' 
OEt === HO 
т) В'Вг ^ понео ^ ,O* 
(3) ) heat ( (—CO,) R 
9. Stork Enamine Reaction (Section 18.9) 
О NR; O 
R À aR ван — R NE RD R R 
* Re Sy — (2)heat 
(3) ЊО 


m 
Enamine R 


Z-A 
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Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com) 


Problems 


( WILEY 9. Note to Instructors: Moy of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


ENOLATES, ENOLS, AND CARBONYL a-CARBON REACTIVITY 


18.15 Rank the following in order of increasing acidity for the indicated hydrogen atoms (bold) (1 = least acidic; 
4 = most acidic). 


(a) B о о о о 


? o o о о о 
H 
H H see Rer" AS E 
H H H `H 
© o H H 


H H 
Pss JH EL 
At О Om H3C “м 


18.16 Treating а solution of cis-1-decalone with base causes an isomerization to take place. When the system reaches 
equilibrium, the solution is found to contain about 95% trans-1-decalone and about 5% cis-1-decalone. Explain 
this isomerization. 


ыо 


H 
cis-1-Decalone 


18.17 Explain the variation in enol content that is observed for solutions of acetylacetone (pentane-2,4-dione) in the 
several solvents indicated: 


Solvent 96 Enol 
H20 15 
CH3CN 58 
C&4H44 92 


Gas phase 92 
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18.18 Provide a structural formula for the product from each of the following reactions. 


(a) О (1) LDA (d) o 
(2) CH,CH,| Br, (excess), NaOH 
p we 5 > 
(b) О (е) (1) LDA 


Н 
Вг, CH,CO;H (2) rn 
O (3) Н.О 


(c) NaH (f) О 
pp we RT “4 


18.19 Write a ~ mechanism for each of the following reactions. 


O 
Br 
Br,, CH,CO,H + HBr 
O 
O-Na* 
[oa excess l,, NaOH on a + СНІз 
Jt Ге + MeOH 


CH,OH, H,SO, | onl 
OCH3 


18.20 Write a stepwise mechanism for each of the following reactions. 


(a) o О 


9 о 


NaOH, ЊО 
———— 


(b) о О 


NaOD, 5,0 
— 


18.21 


18.22 


18.23 


18.24 


Problems AS la 861 


hc а. о. оће 


ACETOACETIC ESTER AND MALONIC ESTER SYNTHESES 
Outline syntheses of each of the following from acetoacetic ester and any other required reagents: 
(a) tert-Butyl methyl ketone (d) 4-Hydroxypentanoic acid 
(b) 2-Hexanone (e) 2-Ethyl-1,3-butanediol 
(c) 2,5-Hexanedione (f) 1-Phenyl-1,3-butanediol 


Outline syntheses of each of the following from diethyl malonate and any other required reagents: 


(a) 2-Methylbutanoic acid (c) de dio 


OH 
(b) 4-Methyl-1-pentanol (d) HO 
NN аы 


Provide a structural formula for the product from each of the following reactions. 


(a) О (b) О О 
(1) маосн,, CH,OH OH һа 
(2) ZA Br — 
— 
T O (3) HCI, H,O, heat 
HO O 


The synthesis of cyclobutanecarboxylic acid given in Section 18.7 was first carried out by William Perkin, Jr., in 
1883, and it represented one of the first syntheses of an organic compound with a ring smaller than six carbon atoms. 
(There was a general feeling at the time that such compounds would be too unstable to exist.) Earlier in 1883, Perkin 
reported what he mistakenly believed to be a cyclobutane derivative obtained from the reaction of acetoacetic ester 
and 1,3-dibromopropane. The reaction that Perkin had expected to take place was the following: 


O O O O 


Br Br 
A и " NNN EtONa OEt 


The molecular formula for his product agreed with the formulation given in the preceding reaction, and alkaline 
hydrolysis and acidification gave a nicely crystalline acid (also having the expected molecular formula). The acid, 
however, was quite stable to heat and resisted decarboxylation. Perkin later found that both the ester and the acid 
contained six-membered rings (five carbon atoms and one oxygen atom). Recall the charge distribution in the eno- 
late ion obtained from acetoacetic ester and propose structures for Perkin's ester and acid. 
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18.25 (a) In 1884 Perkin achieved a successful synthesis of cyclopropanecarboxylic acid from sodiomalonic ester and 
1,2-dibromoethane. Outline the reactions involved in this synthesis. 


(b) In 1885 Perkin synthesized five-membered carbocyclic compounds D and E in the following way: 


O O 
EtONa B 
Ф.Е + Br. Вг > А (СНО) 2 EtONa Вг, 
Na* | 


(1) ОН-/Н,О heat 


В (СНО) (2) HO" C (СНО) ——> D(CH&4O) + E(CHqO) 


where D and E are diastereomers; D can be resolved into enantiomeric forms while E cannot. What are the 
structures of A-E? 


(c) Ten years later Perkin was able to synthesize 1,4-dibromobutane; he later used this compound and diethyl mal- 
onate to prepare cyclopentanecarboxylic acid. Show the reactions involved. 
18.26  Synthesize each of the following compounds from diethyl malonate or ethyl acetoacetate and any other organic 


and inorganic reagents. 


(a) (b) 


OH 


GENERAL PROBLEMS 


18.27 Outline a reaction sequence for synthesis of each of the following compounds from the indicated starting material 
and any other organic or inorganic reagents needed. 


(a) о О О 


OEt 


(b) О 


18.28 


18.29 


Problems AS ЕА 863 


(f) О О 
» -0- 072 
( o О 


Linalool, а fragrant compound that can be isolated from a variety of plants, is 3,7-dimethyl-1,6-octadien-3-ol. 
Linalool is used in making perfumes, and it can be synthesized in the following way: 


HBr sodioacetoacetic 
E Е (С.Н,Вг) ester 


(1) dil. NaOH (1) LiC=CH H, 
G (C4,H440,) (2) HO Н (C,H,,O) (2) HO" I (C,,H,,O) “Under? linalool 
(3) heat catalyst 


Outline the reactions involved. [Hint: Compound F is the more stable isomer capable of being produced in the first 
step. ] 

Compound J, a compound with two four-membered rings, has been synthesized by the following route. Outline 
the steps that are involved. 


O O 


NaOEt 
+ Br Br —> Св, ә 
В ни Meu а LA 107117 4 " 5 
(1) ЦАН, HBr ni Se 0 


Cy0H 1604 (2) HO СНА | ә С,Н,,Вг 2 NaOEt 


1) OH , Но heat 
Сао а CgH 120, LS J (Сан О; + CO, 
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18.30 The Wittig reaction (Section 16.10) can be used in the synthesis of aldehydes, for example, 


O 
, CHO S OCh; 
==Р(СвН5)з 
СНО СНО 
: : 6096 
[nomo 
H 
O 
CH3O 
8596 


(а) How would you prepare CH3OCH=P(CgHs)3? 
(b) Show with a mechanism how the second reaction produces an aldehyde. 


о; 


18.31  Aldehydes that have no а hydrogen undergo ап intermolecular oxidation-reduction called the Cannizzaro reac- 
tion when they are treated with concentrated base. An example is the following reaction of benzaldehyde: 


О о 
CY OH- Ls CY 
2 = + 
НО 


(a) When the reaction is carried out in 020, the benzyl alcohol that is isolated contains no deuterium bound to car- 
bon. It is CgH5CH2OD. What does this suggest about the mechanism for the reaction? 


(b) When (CH3)2>CHCHO and Ba(OH)s/H2O are heated in a sealed tube, the reaction produces only 
(CH3)2>CHCH2OH and [(CH3)2CHCO>]2Ba. Provide an explanation for the formation of these products. 


(c) How would you use this method to prepare CHO from cyclohexanone? 


18.32 Shown below is a synthesis of the elm bark beetle pheromone, multistriatin (see Problem 16.44). Give structures 
for compounds A, B, C, and D. 


T О 
LiAIH , TsCl TE 
di OH =S A (CHO) се BCH) –<== 
C (CH0) OS D (CHo) 8 Aa 
O 
Multistriatin 
SPECTROSCOPY 


18.33 (а) A compound U (Сон100) gives a negative iodoform test. The IR spectrum of U shows a strong absorption 
peak at 1690 cm !, The 'H NMR spectrum of U gives the following: 
Triplet 6 1.2 (3H) 
Quartet ô 3.0 (2H) 
Multiplet 6 7.7 (5H) 


What is the structure of U? 


Z-A 
Learning Group Problems = = ‘л 865 


(b) A compound V is an isomer of О. Compound V gives а positive iodoform test; its IR spectrum shows a stron 
5 
peak at 1705 ст“ !. The 'H NMR spectrum of V gives the following: 


Singlet ô 2.0 (3H) 
Singlet 6 3.5 (2H) 
Multiplet 6 7.1 (5H) 


What is the structure of V? 


18.34 Compound A has the molecular formula CgH;203 and shows a strong IR absorption peak at 1710 cm !. 
When treated with iodine in aqueous sodium hydroxide, A gives a yellow precipitate. When A is treated with 
Tollens’ reagent (a test for an aldehyde or a group that can be hydrolyzed to an aldehyde), no reaction occurs; how- 
ever, if A is treated first with water containing a drop of sulfuric acid and then with Tollens’ reagent, a silver mir- 
ror (positive Tollens’ test) forms in the test tube. Compound A shows the following 'H NMR spectrum: 


Singlet 6 2.1 
Doublet 6 2.6 
Singlet 6 3.2 (6H) 
Triplet 64.7 


Write a structure for A. 


Challenge Problem 


18.35 The following is an example of a reaction sequence developed by Derin C. D' Amico and Michael E. Jung (UCLA) 
that results in enantiospecific formation of two new chirality centers and a carbon— carbon bond. The sequence 
includes a Horner-Wadsworth-Emmons reaction (Section 16.10B), a Sharpless asymmetric epoxidation (Section 
11.13), and a novel rearrangement that ultimately leads to the product. Propose a mechanism for rearrangement of 
the epoxy alcohol under the conditions shown to form the aldol product. [Hint: The rearrangement can also be accom- 
plished by preparing a trialkylsilyl ether from the epoxy alcohol in a separate reaction first and then treating the 
resulting silyl ether with a Lewis acid catalyst (e.g., BF3).] 


О (1) опне он 
У PO(OCH,),, Ман = 
(2) DIBAL-H 
CH, 
t-BuOOH, 
Ti(O-i-Pr),, 
D-(—)-diisopropyl tartrate 
TBSO O TBSOTE — OH 
(t-butyldimethylsilyl O 
triflate), 1.3 equiv. 
ен Н мметуа | 
, N-ethyldiisopropylamine, 
CH, 1.35 equiv., CH, 
molecular sieves, 
—42°C 6 


(95% enantiomeric excess) 


Learning Group Problems 


B-CAROTENE, DEHYDROABEITIC ACID 


1. B-Carotene is a highly conjugated hydrocarbon with an orange-red color. Its biosynthesis occurs via the isoprene 
pathway (Special Topic E), and it is found in, among other sources, pumpkins. One of the chemical syntheses of 
В-сагогепе was accomplished near the turn of the twentieth century by W. Ipatiew (Ber. 1901, 34, 594—596). The 
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first few steps of this synthesis involve chemistry that should be familiar to you. Write mechanisms for all of the 
reactions from compounds 2 to 5, and from 8 to 9 and 10. 


МЫ Lu. TFPI ЧЕ RIS 


B-Carotene 


ey HBr (2 equiv.) B ume ee _MeCOGHCO,Et 
— 
2-22 Вг 


CO,Et 


2 3 4 
t (1) NaOH 


2) H,O*, heat 


LU) 2n/BrCH,CO,Et 
~ CO, Et“(2)ac0. (2) Ac;O 


9 10 


2. Dehydroabietic acid is a natural product isolated from Pinus palustris. It is structurally related to abietic acid, which 
comes from rosin. The synthesis of dehydroabietic acid (J. Am. Chem. Soc. 1962, 84, 284—292) was accomplished 
by Gilbert Stork. In the course of this synthesis, Stork discovered his famous enamine reaction. 


(a) Write detailed mechanisms for the reactions from 5 to 7 below. 


(b) Write detailed mechanisms for all of the reactions from 8 to 9a in Stork’s synthesis of dehydroabietic acid. 
Note that 9a contains a dithioacetal, which forms similarly to acetals you have already studied (Chapter 16). 


(Structures from Fleming, l., Selected Organic Synthesis, p. 76 


ASE 
Learning Group Problems 


_(1) Мемо! , H Eo 
2) 160° (2) 160°C 
le H,SO, 
[à KOH 
P acid 
a cll 


О 
Иер s 
zl /NaOEt 


2) (1) tBuOK/C, Hs 
> 


(2) BrCH,CO,Et 


% 


"cH ,CO,Et 


CH 


S B 
+ cH CO,H Ca CH,CO,H 
CH,CO,H = к 
11 10 9а 
(1) Сн,М№, 
(2) РАМОВг 
(3) ACOH/Ac,O 


CrO; 
— 


CH 


H—CPh, 


1 


Copyright John Wiley & Sons, Limited. Reproduced with permission.) 
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Condensation and & 
Conjugate Addition Reactions 
of Carbonyl Compounds 


More Chemistry of Enolates 


5-Fluorouracil, an enzyme inhibitor 
that has anticancer activity by 
masquerading as a natural substrate. 


In this chapter we shall consider two additional reaction types of carbonyl compounds: condensation reactions 
and conjugate addition reactions. Both of these types of reactions involve enolates or enols. Carbonyl conden- 
sation and conjugate addition reactions are very useful in synthesis, and also have important biological signifi- 
cance, as we shall see in due course. One biomedical example relates to the cancer-fighting mechanism of 
5-fluorouracil (see molecular model), which masquerades as the natural metabolite uracil in a conjugate addition 
reaction. In doing so, 5-fluorouracil irreversibly halts biosynthesis of a key DNA building block, thus taking its 
anticancer effect. Many drugs used in medicine take their effect by acting as imposters for natural compounds. 
We shall see how 5-fluorouracil works in “The Chemistry of. . . A Suicide Enzyme Substrate" later in this chapter. 
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19.1 Introduction 
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In carbonyl condensation reactions the enolate or enol of one carbonyl compound reacts with 
the carbonyl group of another to join the two reactants. As part of the process, a new mole- 
cule that is derived from them “condenses” (forms). Often this molecule is that of an alcohol 
or water. The main types of condensation reactions we shall study are the Claisen conden- 
sation and the aldol condensation. Aldol condensations are preceded mechanistically by aldol 
additions, which we shall also study. The name aldol derives from the fact that aldehyde and 
alcohol functional groups are present in the products of many aldol reactions. 


An Example of a Claisen Condensation 


O O 
2 "wd О) Мася, р jc BH 
OR BRO OR 


An Example of an Aldol Addition and Condensation 


O OH о 
H(R’) 
Aldol Ae Aldol sai nation 
product product 


Conjugate addition reactions involve a nucleophile, which is often an enolate, adding 
to the B position of an a,8-unsaturated carbonyl compound. One of the most common con- 
jugate addition reactions is the Michael addition. As we shall see, the aldol condensation 
provides a way to synthesize a,6-unsaturated carbonyl compounds that we can then use 
for subsequent conjugate addition reactions. 


An Example of Conjugate Addition 
О O 


~ Д (1) Ми:“ (or H—Nu) 
SS R(OR) (2) НА Nu R(OR) 


H 


19.2 The Claisen Condensation: A Synthesis of B-Keto Esters 


The Claisen condensation is a carbon-carbon bond-forming reaction that is useful for synthe- 
sizing -keto esters. In Chapter 18 we saw how f8-keto esters are useful in synthesis. In a Claisen 
condensation, the enolate of one ester molecule adds to the carbonyl group of another, result- 
ing in an acyl substitution reaction that forms a -keto ester and an alcohol molecule. The alco- 
hol molecule that is formed derives from the alkoxyl group of the ester. A classic example is 
the Claisen condensation by which ethyl acetoacetate (acetoacetic ester) can be synthesized. 


О 


O О O О 
2 POM NaOEt pup 4 EtOH HCI 
x OEt OEt 
= Nat 
Sodioacetoacetic (removed by Ethyl acetoacetate 
ester distillation) (acetoacetic ester) 
(76%) 


Another example is the Claisen condensation of two molecules of ethyl pentanoate, lead- 
ing to ethyl 3-oxo-2-propylheptanoate. 


о 


l 
19.2 The Claisen Condensation: A Synthesis of (3-Keto Esters l 871 
Na* 
O О O О О 
2 be Mn NaOEt S CH,CO;H 
ові DE, OEt| + EtOH ===, OEt 
Ethyl pentanoate Ethyl 3-oxo-2-propylheptanoate 


(7796) 


If we look closely at these examples, we can see that, overall, both reactions involve a 
condensation in which one ester loses an а hydrogen and the other loses an ethoxide ion: 


О О О О 
я Д R R 
OEt + Aon Naor A Aon + EtOH 
(2) H30 
H R 
(R may also be H) A B-keto ester 


We can understand how this happens if we examine the reaction mechanism in detail. In 
doing so, we shall see that the Claisen condensation mechanism is a classic example of 
acyl substitution (nucleophilic addition-elimination at a carbonyl group). 


A MECHANISM FOR THE REACTION 


The Claisen Condensation 


О : 


Step 1 R Um : (0): 
a UNUS п. Д. UN 
2 O od = Pu ош C^ Мр * БОН 
H 


An alkoxide base removes an o proton from the ester, generating a nucleophilic enolate ion. (The 
alkoxide base used to form the enolate should have the same alkyl group as the ester, e.g., ethoxide 
for an ethyl ester; otherwise transesterification may occur.) Although the a protons of an ester are not 
as acidic as those of aldehydes and ketones, the resulting enolate is stabilized by resonance in a 


similar way. 
Sm o dt А 63 Tee (Q^ 0 
sy R R = 
= + s ов = dy on = A Aon + ~ÖEt 
R R R 
Nucleophilic addition Tetrahedral intermediate 


and elimination 


The enolate attacks the carbonyl carbon of another ester molecule, forming a tetrahedral intermediate. The 
tetrahedral intermediate expels an alkoxide ion, resulting in substitution of the alkoxide by the group derived 
from the enolate. The net result is nucleophilic addition—elimination at the ester carbonyl group. The overall 
equilibrium for the process is unfavorable thus far, however, but it is drawn toward the final product by 
removal of the acidic a hydrogen from the new f-dicarbonyl system. 


872 Chapter 19 Condensation and Conjugate Addition Reactions of Carbonyl Compounds 


Step 3 о © о o 
R e R = 
OEt + :OEt “= @Et ar EtOH 
Her Me d А 
В-Кеїо ester Ethoxide ion В-Кеїо ester anion Ethanol 
(pK, -9; stronger acid) (stronger base) (weaker base) (pK, 16; weaker acid) 


An alkoxide ion removes an o proton from the newly formed condensation product, resulting in a reso- 
nance stabilized B-keto ester ion. This step is highly favorable and draws the overall equilibrium toward 
product formation. The alcohol by-product (ethanol in this case) can be distilled from the reaction mixture 
as it forms, thereby further drawing the equilibrium toward the desired product. 


o O (0) O OH O 
Step 4 H,O* 
R P = R = В 
= OEt (rapid) on pee 
R | R 


Keto form Enol form 


Addition of acid quenches the reaction by neutralizing the base and protonating the Claisen condensa- 
tion product. The B-keto ester product exists as an equilibrium mixture of its keto and enol tautomers. 


@ When planning a reaction with an ester and an alkoxide ion it is important to use 
an alkoxide that has the same alkyl group as the alkoxyl group of the ester. 


The alkoxyl group of the ester and the alkoxide must be the same so as to avoid transes- 
terification (which occurs with alkoxides by the same mechanism as base-promoted ester 
hydrolysis; Section 17.7B). Ethyl esters and methyl esters, as it turns out, are the most com- 
mon ester reactants in these types of syntheses. Therefore, we use sodium ethoxide when ethyl 
esters are involved and sodium methoxide when methyl esters are involved. (There are some 
occasions when we shall choose to use other bases, but we shall discuss these later.) 


@ Esters that have only one а hydrogen do not undergo the usual Claisen condensation. 


An example of an ester that does not react in a normal Claisen condensation, because 
it has only one а hydrogen, is ethyl 2-methylpropanoate: 


The a carbon has only О 
one hydrogen. lm 


Ethyl 2-methylpropanoate 


OEt This ester does not undergo a 
Claisen condensation. 


9 Inspection of the mechanism just given will make clear why this is so: an ester with 
only one « hydrogen will not have an acidic hydrogen when step 3 is reached, and 
step 3 provides the favorable equilibrium that ensures the success of the reaction. 


In Section 19.2B we shall see how esters with only one а hydrogen can be converted to a 
В-Кего ester by a method that uses a strong base. 


Review Problem 19.1 (a) Write a mechanism for all steps of the Claisen condensation that take place when ethyl 
propanoate reacts with ethoxide ion. (b) What products form when the reaction mixture is 
acidified? 

Review Problem 19.2 Since the products obtained from Claisen condensations are -keto esters, subsequent 


hydrolysis and decarboxylation of these products give a general method for the synthesis 
of ketones. Show how you would employ this technique in a synthesis of 4-heptanone. 


o oF 


HAL Т 


19.2 The Claisen Condensation: A Synthesis of (3-Keto Esters 


19.2A Intramolecular Claisen Condensations: The 
Dieckmann Condensation 

An intramolecular Claisen condensation is called a Dieckmann condensation. For exam- 
ple, when diethyl hexanedioate is heated with sodium ethoxide, subsequent acidification 
of the reaction mixture gives ethyl 2-oxocyclopentanecarboxylate: 


O O о 


OEt 
so eye КИЕ 
AI Nagel. OEt 
(2) HO* 


Diethyl hexanedioate Ethyl 2-oxocyclopentane- 
carboxylate 


(diethyl adipate) 
(74-81%) 


@ In general, the Dieckmann condensation is useful only for the preparation of five- 


and six-membered rings. 
Rings smaller than five are disfavored due to angle strain. Rings larger than seven are entrop- 
ically less favorable due to the greater number of conformations available to a longer chain 
precursor, in which case intermolecular condensation begins to compete strongly. 


A MECHANISM FOR THE REACTION 


The Dieckmann Condensation 


EtO 
TE UN 
S + OR = 
OEt 


The enolate ion attacks the carbonyl 
group at the other end of the chain. 


Ethoxide ion removes 
an a hydrogen. 


Eto ( О" О 
У H O Ho N 
= 2 ap ET E 
OEt OEt 


The ethoxide ion removes the acidic hydrogen 
located between two carbonyl groups. This 
favorable equilibrium drives the reaction. 


О E EC 
О . 
2 н-2ӧн, 
= tog 2h. Cos 


OEt 
Addition of aqueous acid rapidly protonates 
the anion, giving the final product. 


An ethoxide ion is expelled. 


(a) What product would you expect from a Dieckmann condensation of diethyl heptane- Review Problem 19.3 


dioate? (b) Can you account for the fact that diethyl pentanedioate (diethyl glutarate) does 


not undergo a Dieckmann condensation? 
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19.2B Crossed Claisen Condensations 


€ Crossed Claisen condensations are possible when one ester component has no 
а hydrogens and, therefore, is unable to form an enolate ion and undergo self- 
condensation. 


Ethyl benzoate, for example, condenses with ethyl acetate to give ethyl benzoylacetate: 


о О о O 
a p" (1) NaOEt 
Ethyl benzoate Ethyl benzoylacetate 
(по а hydrogen) (60%) 


Ethyl phenylacetate condenses with diethyl carbonate to give diethyl phenylmalonate: 


o [e 
O EU (1) NaOEt 
+ Eto OEt (2) H,O" OEt 
OEt 
(0) OEt 
Ethyl phenylacetate Diethyl carbonate Diethyl phenylmalonate 
(по а carbon) (65%) 


Solved Problem 19.1 


Write a mechanism for all of the steps in the Claisen condensation above between ethyl benzoate and ethyl acetate. 


ANSWER 


Step 1 
O O 
+ Ја === и Be + EtOH 
m Pis : OEt g 
Step 2 
со оу О 
ОК n 
EI 
: OEt 
Step 3 
O O 
OEt < OEt 
TERO == | + EtOH 
other resonance 
structures 
Step 4 
O O O O 
$ OEt но" OEt 


19.3 B-Dicarbonyl Compounds by Acylation of Ketone Enolates 


Write mechanisms that account for the products that are formed in the crossed Claisen con- 
densation just illustrated of ethyl phenylacetate with diethyl carbonate. 


What products would you expect to obtain from each of the following crossed Claisen con- 


densations? 


(a) Ethyl propanoate + diethyl oxalate oo 
3 


(1) NaOEt 
a 


(b) Ethyl acetate + ethyl formate (2) HO* 


As we learned earlier in this section, esters that have only one а hydrogen cannot be con- 
verted to B-keto esters by sodium ethoxide. However, they can be converted to B-keto esters 
by reactions that use very strong bases such as lithium diisopropylamide (LDA) (Section 
18.4). The strong base converts the ester to its enolate ion in nearly quantitative yield. This 
allows us to acylate the enolate ion by treating it with an acyl chloride or an ester. An exam- 
ple of this technique using LDA is shown here: 


о O 
O O CI 


Е OEt 
Ger ŁA, dio Rte + 


Ethyl 2,2-dimethyl-3-oxo- 
3-phenylpropanoate 


о 27 


HAL BBE 


Review Problem 19.4 


Review Problem 19.5 


ст 


19.3 B-Dicarbonyl Compounds by Acylation of Ketone Enolates 


Enolate ions derived from ketones also react with esters in nucleophilic substitution reac- 
tions that resemble Claisen condensations. In the following first example, although two 
anions are possible from the reaction of the ketone with sodium amide, the major product 
is derived from the primary carbanion. This is because (a) the primary а hydrogens are 
slightly more acidic than the secondary œ hydrogens and (b) in the presence of the strong 
base (NaNHs) in an aprotic solvent (Et2O), the kinetic enolate is formed (see Section 18.4). 
LDA could be used similarly as the base. 


О О 
p NaNH, Na+ = Pu 
EtO aq 

2-Pent 
entanone ё 
Pie 
о О 


4,6-Nonanedione 


(76%) 
о 
O O AL an O о 
ЕїО OEt 
NaOC,H, | (1) о 
d (2) H,O~ о 
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Solved Problem 19.2 


Keto esters are capable of undergoing cyclization reactions similar to the Dieckmann condensation. Write a mech- 
anism for the following reaction. 


O O О 
(1) NaOEt 
Moos (2) HO" 
O 
ANSWER 
EtO FO EtO O EN 
ur o 
e = == ES qom es 


O 6 Y g 2 o О 
m Gm 
VT. јод 


Review Problem 19.6 Show how you might synthesize each of the following compounds using, as your starting 
materials, esters, ketones, acyl halides, and so on: 


O O О ЈЕ: 
(а) (b) (c) 


OEt 


19.4 Aldol Reactions: Addition of Enolates and Enols to Aldehydes and 
Ketones 


€ Aldol additions and aldol condensations together represent an important class of 
carbon-carbon bond-forming reaction. 


An aldol reaction begins with addition of an enolate or enol to the carbonyl group of an alde- 
hyde or ketone, leading to a B-hydroxy aldehyde or ketone as the initial product. A simple 
example is shown below, whereby two molecules of acetaldehyde (ethanal) react to form 
3-hydroxybutanal. 3-Hydroxybutanal is an “aldol” because it contains both an aldehyde and 
an alcohol functional group. Reactions of this general type are known as aldol additions. 


OH O 
pu _10% NaOH | p 
2 
"HOC. „О, 5°C H 
3-Hydroxybutanal 
(50%) 
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19.4 Aldol Reactions: Addition of Enolates and Enols to Aldehydes and Ketones 


As we shall see, the initial aldol addition product often dehydrates to form an o, -unsat- 
urated aldehyde or ketone. When this is the result, the overall reaction is an aldol con- 
densation. First let us consider the mechanism of an aldol addition. 


19.4A Aldol Addition Reactions 


An aldol addition is an equilibrium reaction when it is conducted in a protic solvent with 
a base such as hydroxide or an alkoxide. The mechanism for an aldol addition involving 
an aldehyde is shown below. 


A MECHANISM FOR THE REACTION 


The Aldol Addition 


*O* :б= :0: 
.. a I oe we m 
Step 1 Enolate HO: А а) — H = `: H + HOH 


formation З 
Enolate anion 


In this step the base (a hydroxide ion) removes a proton from the a 
carbon of one molecule of acetaldehyde to give a resonance-stabilized enolate. 


2 Це : 
Step 2 Addition A ЗЕ wee == mee 
of the enolate DOE H H 
An alkoxide anion 


The enolate then acts as a nucleophile and attacks the carbonyl 
carbon of a second molecule of acetaldehyde, producing an alkoxide anion. 


a RN :OH ‘O° 
Dg ~ Оа + 76H 


Step З Protonation H + HOH == 


of the alkoxide ^ stronger base The aldol product Weaker base 


The alkoxide anion now removes a proton from a molecule of water to form the aldol. 


With ketones, the addition step leading to the aldol is unfavorable due to steric hindrance, 
and the equilibrium favors the aldol precursors rather than the addition product (Section 
19.4B). However, as we shall see in Section 19.4C, dehydration of the aldol addition prod- 
uct can draw the equilibrium toward completion, whether the reactant is an aldehyde or a 
ketone. Enolate additions to both aldehydes and ketones are also feasible when a stronger 
base (such as LDA) is used in an aprotic solvent (Section 19.5B). 


19.4B The Retro-Aldol Reaction 


Because the steps in an aldol addition mechanism are readily reversible, a retro-aldol reac- 
tion can occur that converts a B-hydroxy aldehyde or ketone back to the precursors of an aldol — Helpful Hint 
addition. For example, when 4-hydroxy-4-methyl-2-pentanone is heated with hydroxide in сее "The Chemistry of... A Retro- 


water, the final equilibrium mixture consists primarily of acetone, the retro-aldol product. Aldol Reaction in Glycolysis: 
Dividing Assets to Double the ATP 
OH O O Yield” for an important 
HO. biochemical application that 
"HO 2 A increases the energy yield from 


glucose. 
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THE CHEMISTRY OF... 


A Retro-Aldol Reaction in Glycolysis—Dividing Assets to Double the ATP Yield 


Glycolysis is a fundamental pathway for production of ATP 
in living systems. The pathway begins with glucose and ends 
with two molecules of pyruvate and a net yield of two 
ATP molecules. Aldolase, an enzyme in glycolysis, plays a 
key role by dividing the six-carbon compound fructose-1,6- 
bisphosphate (derived from glucose) into two compounds 
that each have three carbons, glyceraldehyde-3-phosphate 
(GAP) and 1,3-dihydroxyacetone phosphate (DHAP). This 
process is essential because it provides two three-carbon 


: NH3 :0 
(1) Aldolase and 
F-1,6-bisP react to 
form the iminium 

ion linkage shown 


CH4,OPO47- to the right. 


HO H H OH 


Fructose-1,6-bisphosphate 
(F-1,6-bisP) 


H,O 


1,3-Dihydroxyacetone 
phosphate (DHAP) 
(second product) 


(4) Hydrolysis of the iminium 
ion releases DHAP and 
regenerates the free enzyme to 2-O,POCHzZ 
begin another catalytic cycle. а 
H 


Two key intermediates in the aldolase mechanism 
involve functional groups that we have studied (Chapter 
16)—an imine (protonated in the form of an iminium cation) 
and an enamine. In the mechanism of aldolase, an iminium 
cation acts as a sink for electron density during C—C bond 
cleavage (step 2), much like a carbonyl group does in a typ- 
ical retro-aldol reaction. In this step the iminium cation is 
converted to an enamine, corresponding to the enolate or 
enol that is formed when a carbonyl group accepts electron 
density during C—C bond cleavage in an ordinary retro- 
aldol reaction. The enamine intermediate is then a source 
of an electron pair used to bond with a proton taken from 
the tyrosine hydroxyl at the aldolase active site (step 3). 


но 


H Iminium ion enzyme- 
DHAP intermediate HO 


units for the final stage of glycolysis, wherein the net yield 
of two ATP molecules per glucose is realized. (Two ATP mol- 
ecules are consumed to form fructose-1,6-bisphosphate, 
and only two are generated per pyruvate. Thus, two pas- 
sages through the second stage of glycolysis are necessary 
to obtain a net yield of two ATP molecules per glucose.) 
The cleavage reaction catalyzed by aldolase is a net retro- 
aldol reaction. Details of the mechanism are shown here, 
beginning at the left with fructose-1,6-bisphosphate. 


= = Iminium ion 
HO H H OH enzyme-substrate 
(2) Retro-aldol C—C intermediate 


bond cleavage occurs, as 


the mechanism arrows o 

show above, releasing 2 
GAP and forming an H ' СКОРО; 
enamine enzyme = 

intermediate. H OH 

(3) The enamine Glyceraldehyde-3- 
carbon is phosphate (GAP) 
protonated and 


, . (first product) 
an iminium ion 48 CX 
forms. 4 


H Enamine enzyme-DHAP 


24 
OgPOCH; intermediate 


Lastly, the resulting iminium group undergoes hydrolysis 
(step 4), freeing aldolase for another catalytic cycle and 
releasing DHAP, the second product of the retro-aldol reac- 
tion. Then, by the process described in "The Chemistry 
of...TIM (Triose Phosphate Isomerase and Carbon 
Recycling via Enol" (Chapter 18), DHAP undergoes iso- 
merization to GAP for processing to pyruvate and synthe- 
sis of two more ATP molecules. 

As we have seen with aldolase, imine and enamine 
functional groups have widespread roles in biological 
chemistry. Yet the functions of imines and enamines in biol- 
ogy are just as we would predict based on their native chem- 
ical reactivity. 
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This result is not surprising, because we know that the equilibrium for an aldol addition 
(the reverse of the reaction above) is not favorable when the enolate adds to a ketone. But, 
as mentioned earlier, dehydration of an aldol addition product can draw the equilibrium 
forward. We shall discuss the dehydration of aldols next (Section 19.4C). 


Solved Problem 19.3 


The carbon-carbon bond cleavage step in a retro-aldol reaction involves, under basic conditions, a leaving group 
that is an enolate, or under acidic conditions, an enol. Write a mechanism for the retro-aldol reaction of 4-hydroxy- 
4-methyl-2-pentanone under basic conditions (shown above). 


STRATEGY AND ANSWER Base removes the proton from the -hydroxyl group, setting the stage for reversal of 
the aldol addition. As the alkoxide reverts to the carbonyl group, a carbon-carbon bond breaks with expulsion of 
the enolate as a leaving group. This liberates one of the original carbonyl molecules. Protonation of the enolate 
forms the other. 


ита 
^ H-£ÓH 
он“ Hw uie 


T a au e 


19.4C Aldol Condensation Reactions: Dehydration of the 
Aldol Addition Product 


Dehydration of an aldol addition product leads to a conjugated o.8-unsaturated carbonyl 
system. The overall process is called an aldol condensation, and the product can be called 
an enal (alkene aldehyde) or enone (alkene ketone), depending on the carbonyl group in 
the product. The stability of the conjugated enal or enone system means that the dehydra- 
tion equilibrium is essentially irreversible. For example, the aldol addition reaction that leads 
to 3-hydroxybutanal, shown in Section 19.4, dehydrates on heating to form 2-butenal. A 
mechanism for the dehydration is shown here. 


A MECHANISM FOR THE REACTION 


Dehydration of the Aldol Addition Product 


The double bonds of 
the alkene and carbonyl 


The a hydrogens groups are conjugated, 
are acidic. stabilizing the product. 
:ÓH :0: он :ӧ: ‘O° 
pu PR 
С = 2н == SS H + HOH + тон 
H 2-Butenal 
M " (an enal) 
:OH 


Even though hydroxide is a leaving group in this reaction, the fact that each dehydrated mol- 
ecule forms irreversibly, due to the stability from conjugation, draws the reaction forward. 
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19.4D Acid-Catalyzed Aldol Condensations 


Aldol reactions can occur under acid catalysis, in which case the reaction generally leads 
to the a,B-unsaturated product by direct dehydration of the B-hydroxy aldol intermediate. 
This is one way by which ketones can successfully be utilized in an aldol reaction. The fol- 
lowing is an example, in which acetone forms its aldol condensation product, 4-methylpent- 
3-en-2-one, on treatment with hydrogen chloride. 


A MECHANISM FOR THE REACTION 


The Acid-Catalyzed Aldol Reaction 


REACTION 
O O 
MECHANISM 4-Methylpent-3-en-2-one 


lel oH 
um ‘0, де 
we + HC: == Дом at = A + H—Cl: 


a 07 o 07:0 
PEN = ДА 


Then the enol adds to the protonated carbonyl group 
of another molecule of acetone. 


gap o” чај E 
ДКА КА - 
E 4 === 
H 


d qum 


HOP 
ДА + H—Cl: + HOH 


Finally, proton transfers and dehydration lead 
to the product. 


Acid catalysis can promote further reactions after the aldol condensation. An example is 
given in Review Problem 19.8. Generally, it is more common in synthesis for an aldol reac- 
tion to be conducted under basic rather than acidic conditions. 
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Solved Problem 19.4 


One industrial process for the synthesis of 1-butanol begins with ethanal. Show how this synthesis might be car- 
ried out. 


STRATEGY AND ANSWER Ethanal can be converted to an aldol via an aldol addition. Then, dehydration would 
produce 2-buten-1-al, which can be hydrogenated to furnish 1-butanol. 


О он O © 
A 10% NaOH PN heat pu А | HJNi Сет 
H 0-10°C H -Н,о H high pressure 
Ethanal Aldol 2-Buten-1-al пеша 
The acid-catalyzed aldol condensation of acetone (just shown) also produces some 2,6- Review Problem 19.7 
dimethylhepta-2,5-dien-4-one. Give a mechanism that explains the formation of this 
product. 
Heating acetone with sulfuric acid leads to the formation of mesitylene (1,3,5-trimethyl- Review Problem 19.8 
benzene). Propose a mechanism for this reaction. 
19.4E Synthetic Applications of Aldol Reactions 
As we are beginning to see, aldol additions and aldol condensations are important meth- 
ods for carbon-carbon bond formation. They also result in B-hydroxy and a,8-unsaturated 
carbonyl compounds that are themselves useful for further synthetic transformations. Some 
representative reactions are shown below. 
The Aldol Reaction in Synthesis He Ipful Hint 
R R The aldol reaction: a tool for 
H H H synthesis. See also the Synthetic 
2 base R NaBH, R Connections review at the end of 
the chapter. 
о он O он он 
Aldehyde An aldol A 1,3-diol 
HA |- H,O 
R R R 
B а Ш B ana LiAIH,* " c. 
19 
OH pressure O OH 
A saturated alcohol An a, p-unsaturated An allylic alcohol 
aldehyde 
|^ Pd-C 
R 
H 
R 
Ó 
An aldehyde 


ЖАН, reduces the carbonyl group of a. 8-unsaturated aldehydes and ketones cleanly. NaBH, often reduces 
the carbon-carbon double bond as well. 
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Review Problem 19.9 (a) Provide a mechanism for the aldol addition of propanal shown here. 
H OH- H 
2 > 
di. d H,O, 0-10*C 
о он о 
Ргорапа! 3-Нудгоху-2-те ћу рептапа! 
(55-60%) 


(b) How can you account for the fact that the product of the aldol addition is 3-hydroxy- 
2-methylpentanal and not 4-hydroxyhexanal? 


(c) What products would be formed if the reaction mixture were heated? 


Review Problem 19.10 Show how each of the following products could be synthesized from butanal: 
(a) 2-Ethyl-3-hydroxyhexanal 
(b) 2-Ethylhex-2-en-1-ol 
(c) 2-Ethylhexan-1-ol 
(d) 2-Ethylhexane-1,3-diol (the insect repellent *6—12") 


Thus far we have only considered examples of aldol reactions where the reactant forms a 
product by dimerization. In the coming sections we shall discuss the use of aldol reactions 
to more generally prepare B-hydroxy and a,6-unsaturated carbonyl compounds. We shall then 
study reactions called conjugate addition reactions (Section 19.7), by which we can further 
build on the a,6-unsaturated carbonyl systems that result from aldol condensations. 


19.5 Crossed Aldol Condensations 


An aldol reaction that starts with two different carbonyl compounds is called a crossed aldol 
reaction. Unless specific conditions are involved, a crossed aldol reaction can lead to a mix- 
ture of products from various pairings of the carbonyl reactants, as the following example 
illustrates with ethanal and propanal. 


(0) о он о 
oL PW " 
B M EN weak 


OH O 
Ethanal Propanal 3-Hydroxybutanal 3-Hydroxy-2- 
(from two molecules methylpentanal 
of ethanal) (from two molecules 


of propanal) 


OH O 


OH O 


3-Hydroxy-2-methylbutanal 3-Hydroxypentanal 
(from one molecule of ethanal and one molecule of propanal) 


We shall therefore consider crossed aldol condensations by two general approaches that allow 
control over the distribution of products. The first approach hinges on structural factors of 
the carbonyl reactants and the role that favorable or unfavorable aldol addition equilibria play 
in determining the product distribution. In this approach relatively weak bases such as hydrox- 
ide or an alkoxide are used in a protic solvent such as water or an alcohol. The second 
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approach, called a directed aldol reaction, involves use of a strong base such as LDA in an 
aprotic solvent. With a strong base, one reactant can be converted essentially completely to 
its enolate, which can then be allowed to react with the other carbonyl reactant. 


Solved Problem 19.5 


Show how each of the four products shown at the beginning of this section is formed in the crossed aldol addition 
between ethanal and propanal. 


ANSWER In the basic aqueous solution, four organic entities will initially be present: molecules of ethanal, mol- 
ecules of propanal, enolate anions derived from ethanal, and enolate anions derived from propanal. 

We have already seen (Section 19.4) how a molecule of ethanal can react with its enolate to form 3-hydrox- 
ybutanal (aldol). We have also seen (Review Problem 19.9) how propanal can react with its enolate anion to form 
3-hydroxy-2-methylpentanal. The other two products are formed as follows. 

3-Hydroxy-2-methylbutanal results when the enolate of propanal reacts with ethanal. 


o oe OH O 


Ethanal Enolate of 3-Hydroxy-2- 
propanal methylbutanal 


And finally, 3-hydroxypentanal results when the enolate of ethanal reacts with propanal. 


е) е) go OH O 
M a Mun TE 


Propanal Enolate of 3-Hydroxypentanal 
ethanal 


19.5A Crossed Aldol Condensations Using Weak Bases 


Crossed aldol reactions are possible with weak bases such as hydroxide or an alkoxide when 
one carbonyl reactant does not have an а hydrogen. A reactant without o hydrogens can- 
not self-condense because it cannot form an enolate. We avoid self-condensation of the other 
reactant, that which has an o hydrogen, by adding it slowly to a solution of the first reac- 
tant and the base. Under these conditions the concentration of the reactant with an o hydro- 
gen is always low, and it is present mostly in its enolate form. The main reaction that takes 
place is between this enolate and the carbonyl compound that has no а hydrogens. The reac- 
tions shown in Table 19.1 on the bottom of the next page illustrate results from this approach. 

The crossed aldol examples shown in Table 19.1 involve aldehydes as both reactants. A 
ketone can be used as one reactant, however, because ketones do not self-condense appre- 
ciably due to steric hindrance in the aldol addition stage. The following are examples of 
crossed aldol condensations where one reactant is a ketone. Reactions such as these are 
sometimes called Claisen-Schmidt condensations. Schmidt discovered and Claisen devel- 
oped this type of aldol reaction in the late 1800s. 


(0) (0) 


4-Phenylbut-3-en-2-one 
(benzalacetone) 
(70%) 
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Helpful Hint 


See "The Chemistry of... 
Antibody-catalyzed 
Aldol Condensations" in Wiley Plus 
for a method that uses the 
selectivity of antibodies to catalyze 
aldol reactions. 
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о о (0) 


— 
20°C 


1,3-Diphenylprop-2-en-1-one 
(benzalacetophenone) 
(85%) 


In these reactions, dehydration occurs readily because the double bond that forms is con- 
jugated both with the carbonyl group and with the benzene ring. In general, dehydration 
of the aldol is especially favorable when it leads to extended conjugation. 

As a further example, an important step in a commercial synthesis of vitamin A makes 
use of a crossed aldol condensation between geranial and acetone: 


SF eU S o AoH 


Vitamin A 
О о 
о 
EtOH, 
—5°C 
Geranial Pseudoionone 
(49%) 
па ) Crossed Aldol Reactions 
This Reactant with No This Reactant with 
a Hydrogen Is an a Hydrogen Is 
Placed in Base Added Slowly Product 
о о 
H ? OH- TA H 
+ —— 
Siu s 10°C 
Benzaldehyde Propanal 2-Methyl-3-phenyl-2-propenal 
(a-methylcinnamaldehyde) 
(68%) 
о 
о Tea H 
H ri OH- 
+ —— 
H 20°C 
Benzaldehyde Phenylacetaldehyde 2,3-Плрћепу!-2-ргорепа! 
А т он о 
dilute Na,CO, 
H Mes b H 40°C H 
Formaldehyde 2-Methylpropanal 3-Hydroxy-2,2- 


dimethylpropanal 
(>64%) 


о 27 


I 
19.5 Crossed Aldol Condensations pi 885 


Geranial is a naturally occurring aldehyde that can be obtained from lemongrass oil. Its o 
hydrogen is vinylic and, therefore, not appreciably acidic. Notice, in this reaction, too, dehy- 
dration occurs readily because dehydration extends the conjugated system. 


Solved Problem 19.6 


Outlined below is a practical crossed aldol reaction that can be used for the synthesis of cinnamaldehyde (the essence 
of cinnamon, used in cooking). Provide the missing ingredients for this recipe. 


© 
о, SERÁ 
195 пере add B slowly C H 
5:6 heat (-CH5O) 
A 


Cinnamaldehyde 


STRATEGY AND ANSWER Compound A is benzaldehyde, B is ethanal (acetaldehyde), and the intermediate C is 


shown below. 
О А (O]n] 0) 
Бонк 
А В С 


Outlined below is а synthesis of a compound used in perfumes, called Шу aldehyde. Provide Review Problem 19.11 
all of the missing structures. 


PCC propanal 
p-tert-Butylbenzyl alcohol сњо C44 H0 OH- 


C44H440 QI. lily aldehyde (Сл НО) 
When excess formaldehyde in basic solution is treated with ethanal, the following reaction Review Problem 19.12 
takes place: 

О 
3 pu ЧЕ dil. №0, o H 
^ 400 ^ 
OH OH 
82% 


Write a mechanism that accounts for the formation of the product. 


When pseudoionone is treated with BF in acetic acid, ring closure takes place and a- and Review Problem 19.13 
В-топопе are produced. This is the next step in the vitamin A synthesis. 


O O O 
ESN К EN 
> + 
HOAc 


Pseudoionone a-lonone B-lonone 
(a) Write mechanisms that explain the formation of a- and B-ionone. 
(b) В-Іопопе is the major product. How can you explain this? 


(c) Which ionone would you expect to absorb at longer wavelengths in the UV-visible 
region? Why? 
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Nitriles with a hydrogens are also weakly acidic (pK, = 25) and consequently these 
nitriles undergo condensations of the aldol type. An example is the condensation of ben- 
zaldehyde with phenylacetonitrile: 


о CN xL CN 
H CC 
— 


Review Problem 19.14 (a) Write resonance structures for the anion of acetonitrile that account for its being much 
more acidic than ethane. (b) Give a step-by-step mechanism for the condensation of ben- 
zaldehyde with acetonitrile. 


19.5B Crossed Aldol Condensations Using Strong Bases: 
Lithium Enolates and Directed Aldol Reactions 


One of the most effective and versatile ways to bring about a crossed aldol reaction is to 
use a lithium enolate obtained from a ketone as one component and an aldehyde or ketone 
Lithium enolates are useful for : : 5 : 
crossed aldol syntheses. as the other. An example of this approach, called a directed aldol reaction, is shown by 
the following mechanism. 


elpful [Tint 


A MECHANISM FOR THE REACTION 


A Directed Aldol Synthesis Using a Lithium Enolate 


(ө) 
О ој“ обо N он о 
H THF, -78'C 


The ketone is added to The aldehyde is An acid-base reaction 
LiN(i-Pr)? (LDA), a strong added and the occurs when water is 
base, which removes enolate reacts added at the end, 

an a hydrogen from the with the aldehyde protonating the lithium 
ketone to produce at its carbonyl carbon. alkoxide. 

an enolate. 


Regioselectivity can be achieved when unsymmetrical ketones are used in directed aldol 
reactions by generating the kinetic enolate using lithium diisopropylamide (LDA). This 
ensures production of the enolate in which the proton has been removed from the less sub- 
stituted a carbon. The following is an example: 


An Aldol Reaction via the Kinetic Enolate (Using LDA) 


[e] 
(0) O-Li* о O-Li* о OH 
———— — — 
H —78°C SS 
75% 


A single crossed aldol 
product results. 
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If this aldol reaction had been carried out in the classic way (Section 19.5A) using 
hydroxide ion as the base, then at least two products would have been formed in signifi- 
cant amounts. Both the kinetic and thermodynamic enolates would have been formed from 
the ketone, and each of these would have added to the carbonyl carbon of the aldehyde: 


An Aldol Reaction That Produces a Mixture via Both Kinetic and Thermodynamic 
Enolates (Using a Weaker Base under Protic Conditions) 


o- 
o or Ф 
-OH 
| === TK ы 

protic sovent Kinetic enolate Thermodynamic 

enolate 

о о 
Р. Р 

о 

ДД 
o- 


OH 


A mixture of crossed aldol 
products results. 


Solved Problem 19.7 


Outline a directed aldol synthesis of the following compound. 


O OH 
= 
STRATEGY AND ANSWER 
Retrosynthetic Analysis 
O OH оц" О 
D m — m + v 
Synthesis 
о 


OLi* O OH 
(2) Ss 


O 
pos ae ee yw ee 
SS ~ (3) H,0 E 
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Review Problem 19.15 
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Starting with ketones and aldehydes of your choice, outline a directed aldol synthesis of 
each of the following using lithium enolates: 


О 


ОН 
(а) 
О ОН 
(b) 
Ан 5 
О OH 
(c) 


19.6 Cyclizations via Aldol Condensations 


Helpful Hint 


Selectivity in aldol cyclizations is 
influenced by carbonyl type and 
ring size. 


The aldol condensation also offers a convenient way to synthesize molecules with five- and 
six-membered rings (and sometimes even larger rings). This can be done by an intramol- 
ecular aldol condensation using a dialdehyde, a keto aldehyde, or a diketone as the sub- 
strate. For example, the following keto aldehyde cyclizes to yield 1-cyclopentenyl methyl 


ketone: 
О О 
Ay H e [ 
O 


73% 

This reaction almost certainly involves the formation of at least three different enolates. 
However, it is the enolate from the ketone side of the molecule that adds to the aldehyde 
group leading to the product. 

The reason the aldehyde group undergoes addition preferentially may arise from the 
greater reactivity of aldehydes toward nucleophilic addition generally. The carbonyl car- 
bon atom of a ketone is less positive (and therefore less reactive toward a nucleophile) 
because it bears two electron-releasing alkyl groups; it is also more sterically hindered: 


О О 


sn. eis 


R 
Ketones are less Aldehydes are more 
reactive toward 


reactive toward 
nucleophiles. nucleophiles. 


In reactions of this type, five-membered rings form far more readily than seven- 
membered rings, and six-membered rings are more favorable than four- or eight-membered 
rings, when possible. 


o oF 
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A MECHANISM FOR THE REACTION 


The Aldol Cyclization 


Tor ~ PE e 
66. хн ӧн 
H m 
H z H 
Eu HOMES + H—ÓH == = 
O: 
40) (0), 
This enolate leads to The alkoxide anion removes 
| the main product via an a proton from water. 
intramolecular aldol 
Other enolate anions reaction. 
;)O—H ,—:0—H H 
CS. m 
«H У m 
== la H— OH ap HO: 
10% О: 
Base-promoted dehydration leads to a 
product with conjugated double bonds. 
Assuming that dehydration occurs, write the structures of the two other products that might Review Problem 19.16 


have resulted from the aldol cyclization just given. (One of these products will have a five- 
membered ring and the other will have a seven-membered ring.) 


What starting compound would you use in an aldol cyclization to prepare each of the Review Problem 19.17 
following? 
O 
O 
(a) (b) (c) 
о 
What experimental conditions would favor the cyclization process in an intramolecular aldol Review Problem 19.18 


reaction over intermolecular condensation? 


19.7 Additions to a,B-Unsaturated Aldehydes and Ketones 


When а,В-ипзашгагед aldehydes and ketones react with nucleophilic reagents, they may 
do so in two ways. They may react by a simple addition, that is, one in which the nucle- 
ophile adds across the double bond of the carbonyl group; or they may react by a conju- 
gate addition. These two processes resemble the 1,2- and the 1,4-addition reactions of 
conjugated dienes (Section 13.10): 
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г 
"Cy C C Simpl 
"Oy AAA YN ple 
| "n i " addition 
C C 
g bd ~ + Nu :OH O° 
| | | | 
~ ~ — ~ po Conjugate 
| C | c addition 
Nu | Nu /\ 
H 
Enol form Keto form 


In many instances both modes of addition occur in the same mixture. As an example, 
let us consider the Grignard reaction shown here: 


9 OH l 
(1) CH,MgBr, Et,O Simple 
"Oo ^" addition 

> о ~ ргодис! 
72% 

+ 
O Conjugate 
addition 
product 
(in keto form) 

20% 


In this example we see that simple addition is favored, and this is generally the case with 
strong nucleophiles. Conjugate addition is favored when weaker nucleophiles are 
employed. 
Неру ul Hint . If we examine the resonance structures that contribute to the overall hybrid for an a,B- 
Note the influence of nucleophile unsaturated aldehyde or ketone (see structures A-C), we shall be in a better position to 


strength on conjugate versus understand these reactions: 
simple addition. 


ла :б:- бе 
| А | | | | 
^ Cx С Cu C. PS Pe as 


Although structures B and C involve separated charges, they make a significant contribu- 
tion to the hybrid because, in each, the negative charge is carried by electronegative oxy- 
gen. Structures B and C also indicate that both the carbonyl carbon and the B carbon should 
bear a partial positive charge. They indicate that we should represent the hybrid in the fol- 
lowing way: 


EN 


This structure tells us that we should expect a nucleophilic reagent to attack either the car- 
bonyl carbon or the £ carbon. 
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Almost every nucleophilic reagent that adds at the carbonyl carbon of a simple alde- 
hyde or ketone is capable of adding at the (8 carbon of an a,8-unsaturated carbonyl com- 
pound. In many instances when weaker nucleophiles are used, conjugate addition is the 
major reaction path. Consider the following addition of hydrogen cyanide: 


CN O 


CIO ate EtOH, HOAc- СУУТУ 


95% 


А MECHANISM FOR THE REACTION 


The Conjugate Addition of HCN 


Enolate intermediate 


Then, the enolate intermediate accepts a proton in either of two ways: 


CN OH 


ZA 
() () Enol form 


Keto form 
H 


Another example of this type of addition is the following: 


O О 
MeNH, 
ДА H,O 
MeNH 


75% 
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A MECHANISM FOR THE REACTION 


The Conjugate Addition of an Amine 


О 5 (ог OH O 
MeNH, MeNH; MeNH MeNH 
The nucleophile attacks In two separate steps, a proton Enol form Keto form 
the partially positive 6 is lost from the nitrogen atom and a 
carbon. proton is gained at the oxygen. 


We shall see examples of biochemically relevant conjugate additions in ^The Chemistry 
of . . . Calicheamicin yi Activation for Cleavage of DNA” (see Section 19.7B) and in “The 
Chemistry of ... A Suicide Enzyme Substrate" (Section 19.8). 


19.7A Conjugate Additions of Enolates: Michael Additions 


Conjugate additions of enolates to a,B-unsaturated carbonyl compounds are known gen- 
erally as Michael additions (after their discovery, in 1887, by Arthur Michael, of Tufts 
University and later of Harvard University). The following mechanism box provides an 
example of a Michael addition. 


A MECHANISM FOR THE REACTION 


The Michael Addition 


о O5 
5 2 
Vax H EIOS 
(cat.) 
— 
EtOH 
A base This enolate adds to Protonation of the 
removes an the В carbon of the resulting enolate leads 
а proton to a, B-unstaturated to the final Michael 
form an carbonyl compound, addition product. 
enolate from forming a new 
one carbonyl carbon-carbon bond 
reactant. between them. As this 


bond is formed, 
electron density in the 
a, B-unsaturated 
compound shifts to its 
carbonyl oxygen, 
leading to a new 
enolate. 


о 


"d 
19.7 Additions їо a,B-Unsaturated Aldehydes and Ketones PES 


Michael additions take place with a variety of other reagents; these include acetylenic 
esters and a, B-unsaturated nitriles: 


о О 
О о о са 
" ов ^ paa ien ven bd 
Eto~ “0 


CN 
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What product would you expect to obtain from the base-catalyzed Michael reaction of (a) Review Problem 19.19 


1,3-diphenylprop-2-en-1-one (Section 19.5A) and acetophenone and (b) 1,3-diphenylprop- 
2-en-1-one and cyclopentadiene? Show all steps in each mechanism. 


When acrolein (propenal) reacts with hydrazine, the product is a dihydropyrazole: Review Problem 19.20 


O 


A, + HN—NH, — [| \ 
N^ 


| 
H 
Acrolein Hydrazine A dihydropyrazole 


Suggest a mechanism that explains this reaction. 


Enamines can also be used in Michael additions. An example is the following: 


QG) 


N N 
(FN CN EtOH CN 


reflux 


19.7B The Robinson Annulation 


A Michael addition followed by a simple aldol condensation may be used to build one ring 
onto another. This procedure is known as the Robinson annulation (ring-forming) reaction 
(after the English chemist, Sir Robert Robinson, who won the Nobel Prize in Chemistry in 
1947 for his research on naturally occurring compounds): 


aldol 
+ A w, condensation , 
ве cor “pase (H,O) H,O) 
(conjugate 


ti 
Nds а Methyl vinyl АНИ 65% 


hexane-1,3-dione ketone 


(a) Propose step-by-step mechanisms for both transformations of the Robinson annulation Review Problem 19.21 


sequence just shown. (b) Would you expect 2-methylcyclohexane-1,3-dione to be more or 
less acidic than cyclohexanone? Explain your answer. 
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THE CHEMISTRY OF... 


Calicheamicin y4! Activation for Cleavage of DNA 


In "The Chemistry of . . . Calicheamicin у!" in Chapter 10, by the sulfur nucleophile on the alkene carbon is a conju- 
we described a potent antitumor antibiotic called calicheam- gate addition. | | 
ісіп y4'. Now that we have considered conjugate addition Now that the bridgehead carbon is tetrahedral, the 


reactions, it is time to revisit this fascinating molecule. The geometry of the bicyclic structure favors conversion of the 
molecular machinery of calicheamicin y4! for destroying DNA enediyne to a 1,4-benzenoid diradical by a reaction called 


is unleashed by attack of a nucleophile on the trisulfide link- the Bergman cycloaromatization (after R. G. Bergman of the 
age shown in the accompanying scheme. The sulfur anion University of California, Berkeley). Once the calicheamicin 
that initially was a leaving group from the trisulfide immedi- ^ diradical is formed it can pluck two hydrogen atoms from the 


ately becomes a nucleophile that attacks the bridgehead DNA backbone, converting the DNA to a reactive diradical 
alkene carbon. This alkene carbon is electrophilic because and ultimately resulting in DNA cleavage and the death of 
it is conjugated with the adjoining carbonyl group. Attack е cell. 


о qoe o  €OMe 
Bergman 
(1) nucleophilic cyclo- 
attack aromatization 
> 
(2) conjugate 
addition 


Calicheamicin y,' 


Hydrogen abstraction 
from DNA backbone 


HO,,, 


H 


$ 


S 
Reprinted from CURRENT BIOLOGY, Vol 1, “sugar 
Nicolaou, “Chemistry and biology of the T" 
calicheamicins," copyright 1994 with permission of Radicals in S, dona 
Elsevier. DNA backbone cleavage of DNA 


19.8 The Mannich Reaction 


Compounds capable of forming an enol react with imines from formaldehyde and a pri- 
mary or secondary amine to yield -aminoalkyl carbonyl compounds called Mannich bases. 
The following reaction of acetone, formaldehyde, and diethylamine is an example: 


О pi О 
на! 
pu + H H + Et,NH — NEt, " H,O 
A Mannich base 


The Mannich reaction apparently proceeds through a variety of mechanisms depend- 
ing on the reactants and the conditions that are employed. The mechanism below appears 
to operate in neutral or acidic media. Note the aspects in common with imine formation 
and with reactions of enols and carbonyl groups. 
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A MECHANISM FOR THE REACTION 


The Mannich Reaction 


Be H d 

Be H R 

“~ аы 

Н e нон ^, wu но. )—N 
Step 1 JN. at SEN R-N) aaa R 

R "NR H7 H R R Iminium cation 

Reaction of the secondary amine with the The hemiaminal loses a molecule 

aldehyde forms a hemiaminal. of water to form an iminium cation. 


o 
о 
Y pu 
E ASA — NR 
H 'h Mannich base 


Iminium cation 


Step 2 pe 


The enol form of the active hydrogen compound reacts with 
the iminium cation to form a B-aminocarbonyl compound (a Mannich base). 


2 


Outline reasonable mechanisms that account for the products of the following Mannich Review Problem 19.22 


reactions: 
O 
О 
ММ 
(а) + d + MeNH — RE 
H^ ^H 
O О 
T ( у N 
(b) + + N — у 
T | 
H 
OH 
MeN NMe2 
) + 2 —> 
H 


CH3 


A Suicide Enzyme Substrate 


5-Fluorouracil is a chemical imposter for uracil and a potent for DNA synthesis. 5-Fluorouracil acts as a mechanism-based 
clinical anticancer drug. This effect arises because 5-fluo- inhibitor (or suicide substrate) because it engages thymidy- 
rouracil irreversibly destroys the ability of thymidylate syn- late synthase as though it were the normal substrate but 
thase (an enzyme) to catalyze a key transformation needed then leads to self-destruction of the enzyme's activity by its 
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own mechanistic pathway. The initial deception is possi- 
ble because the fluorine atom in the inhibitor occupies 
roughly the same amount of space as the hydrogen atom 
does in the natural substrate. Disruption of the enzyme's 
mechanism occurs because a fluorine atom cannot be 
removed by a base in the way that is possible for a hydro- 
gen atom to be removed. 


5-Fluorouracil 


The mechanism of thymidylate synthase in both its nor- 
mal mode and when it is about to be blocked by the 
inhibitor involves attack of an enolate ion on an iminium 
cation. This process is closely analogous to the Mannich 
reaction discussed in Section 19.8. The enolate ion in this 
attack arises by conjugate addition of a thiol group from 
thymidylate synthase to the o,-unsaturated carbonyl 
group of the substrate. This process is analogous to the 
way an enolate intermediate occurs in a Michael addition. 
The iminium ion that is attacked in this process derives 
from the coenzyme N°,N'°-methylenetetrahydrofolate 
(№, N'°-methylene-THF). Attack by the enolate in this step 
forms the bond that covalently links the substrate to the 
enzyme. It is this bond that cannot be broken when the 
fluorinated inhibitor is used. The mechanism of inhibition 
is shown at right. 


З | The next step in the normal mechanism 
would be an elimination reaction 
involving loss of a proton at the carbon « 
to the substrate's carbonyl group, 
releasing the tetrahydrofolate coenzyme 
as a leaving group. In the case of the 
fluorinated inhibitor, this step is not 
possible because a fluorine atom takes the 
place of the hydrogen atom needed for 
removal in the elimination. The enzyme 
cannot undergo the elimination reaction 
necessary to free it from the tetrahydrofolate 
coenzyme. These blocked steps are marked 
by cross-outs. Neither can the subsequent 
hydride transfer occur from the 
coenzyme to the substrate, which would 
complete formation of the methyl group 
and allow release of the product from 
the enzyme thiol group. These blocked 
steps are shown in the shaded area. 
The enzyme's activity is destroyed because 
it is irreversibly bonded to the inhibitor. 
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5-Fluorodeoxyuracil monophosphate covalently bound to 
tetrahydrofolate in thymidylate synthase, blocking the 
enzyme's catalytic activity. 


H 
1| Conjugate addition of a ih Big n Мсн, 
thiol group from thymidylate | H 

synthase to the 8 carbon of the UN N CH 
a, B-unsaturated carbonyl H А | 2 | 2 
group in the inhibitor O номе 
leads to an enolate . = 
intermediate. HS B 


2| Attack of the enolate ion on le 
the iminium cation of 
N5, N'-methylene-THF forms a EUR Т H 
covalent bond between the 2 ~ 
inhibitor and the coenzyme "Y | qhe, 
forming the alkylated enzyme). N + 
( g ky yme) d ~ N^ SCH, 
= 08 4 | 
Iminium H,C HN 
cation ^n 
О оҳ / [2] 
~ Е ~ F 
N^ g N^ ^X 
PN 3 Il "s wk Ми“ 
О :Sc- =e 
|| (HS Enz О N S—Enz 
dRibose —(P) dRibose —(P) 
F-dUMP © = phosphate Enolate 
H 
HN N Ny H,N N ko 
4 CH, 2 CH, 
A X En X X E 
He м7 сњ ume н, 
о O 
HN H,C Н 


ide 
H HB H B 
on C$—En£ p sad 
dRibose —(P) dRibose—(P) 


Alkylated enzyme 


Q H 
Н CH HN. UN. UN. 

N i e CH 
JN ае t 
о N H [up N CH, 

dRibose—(P) Ó vum 


dTMP DHF 
(dihydrofolate) 


19.9 Summary of Important Reactions 


1. Claisen Condensation (Section 19.2): 


о o- 
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AA 


19.9 Summary of Important Reactions 


O O 


O 
2 я Д. R 
on Nee. A hoe 
(2) H,0* 


2. Crossed Claisen Condensation (Section 19.2B): 


(1) C,H.CO;EU/NaOEt , 
(2) HO* 


| 
(1) EtOCOEU/NaOEt , 
(2) H,O* 


(1) HCO,Et/NaOEt 
(2) H,O* 


(1) Et0,CCO,EUNaOEt 


(2) H,O" 


3. Aldol Reaction (Section 19.4) 
General Reaction 


O OH O 
an До о n 
H OR e. 
H,O 
R 
Specific Example 


О 


О он O 
» ee он“ -H,O 
H H 100 H | N H 


R 


О 
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4. Directed Aldol Reactions via Lithium Enolates (Section 19.5B) 
General Reaction 


o O 
О Li+ 1 
I O EE "a Шаси. нв) 
«m TEES Nm ома 
the kinetic enolate) R" OH 
R" 


Specific Example 


5. Conjugate Addition (Section 19.7) 
General Example 


R О (1) Миг (or Nu—H) R O 
— > 
M (2)H—A „а 
Ми H 
Nu: = СМ; an enolate (Michael addition); R"MgBr 
Nu—H - 1? or 2? amines; an enamine 
Specific Example 
О см O 


PN a, a 
СНБ СеН5  EtoH,HOAc СеН5 СвН5 


H 


Specific Example (Michael Addition) 


О 
j © 
E 7 9 P 
CgHs = CgHs mE | 
меон CgHs CgHs 


6. Mannich Reaction (Section 19.8): 
о о 


R' о 

ГА 
AL + Д. + H-N —> A pleat 
R H^ ^H hs R N 


" 
R" 


o ce 


| 
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Key Terms and Concepts 


AcE The key terms and concepts that are highlighted in bold, blue text within the chapter are 
LU defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com) 


Problems 


PLUS ^ S ote to Instructors: E of the homework problems are available for assignment via WileyPLUS, an online 
teachi u 


ng and learning solution. 


CLAISEN CONDENSATION REACTIONS 


19.23 Write a structural formula for the product from each of the following reactions. 


(a) О 
ree NaOEt 
O^ ^. нон 
(b) О 
O 
Fad’ O^ ^ j 
GU = EtOH 
(c) О 
NaOEt 
p E p EtOH 
(d) О О 


(1) NaOEt, EtOH 
КЕСЕ 
О 


(2) 
sop 


19.24 Show all steps in the following syntheses. You may use any other needed reagents but you should begin with the 
me у 


p" – ДАХ 
Meu 


Дре 
от-от 
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19.25 Provide the starting materials needed to synthesize each compound by acylation of an enolate. 


) " (b) о o © 
ces H o^ 
COsEt O O 


19.26 Write structural formulas for both of the possible products from the following Dieckmann condensation, and pre- 
dict which one would likely predominate. 


O 
С NaOEt 
zo s< EtOH, heat 


О 


19.27 When а Dieckmann condensation is attempted with diethyl succinate, the product obtained has the molecular for- 
mula C45H46Og. What is the structure of this compound? 


19.28 Show how this diketone could be prepared by a condensation reaction: 


O 


O 


19.29 In contrast to the reaction with dilute alkali (Section 18.6), when concentrated solutions of NaOH are used, 
acetoacetic esters undergo cleavage as shown below. 


O O 


О О 
B IN 
A Ave S p je O + EtOH 


R 


Provide a mechanistic explanation for this outcome. 


19.30 Write a detailed mechanism for the following reaction. 


о о о о 
OEt Et 
он + so y NaOEt, ои ов 
О О 


Ethyl crotonate Diethyl oxalate 


19.31 In the presence of sodium ethoxide the following transformation occurs. ~ 


(1) NaOEt, 
> 2) HCl 


19.32  Thymine is one of the heterocyclic bases found in DNA. Starting with ethyl propanoate and using any other needed 
reagents, show how you might synthesize thymine. 


O 
Pen CH; 
| 
oy 


| 
H 


Thymine 


19.33 


19.34 


19.35 


о 


| 
Problems pu 


ALDOL REACTIONS 


Predict the products from each of the following crossed aldol reactions. 


(a) 
2 H маон 
—— 
њо 


O 
(b) 

H H H NaOH 

ED ње 
O O 
(c) О 
О 
ЕЈ H "Ho 

@ о H 
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What four B-hydroxy aldehydes would be formed by a crossed aldol reaction between the following compounds? 


Show how each of the following transformations could be accomplished. You may use any other required reagents. 
а о О (е) 


~ СМ 
S. сњем — O~ 
— CHO 
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19.36 What starting materials are needed to synthesize each of the following compounds using an aldol reaction? 


(a) 


v 
= 


(b) 
(h) 


~ 
о 
~ 


O dx 


| Í 
OH 
е о О 
f) 
an UCN 
19.37 What reagents would you use to bring about each step of the following syntheses? 


я E 


HIO, 
ee NR 
(Section 22.6D) 

OH 


H 
—À + 
О 


M 
C2 
E 
œ] 


(b) 


S 


(c) 


dg 
$i 


(d) 


O 


A 
:Z— Z+ 
cf | 


о o- 
903 


AA 


Problems 


19.38 The hydrogen atoms of the y carbon of crotonaldehyde are appreciably acidic (pK, = 20). 


AK, 


Crotonaldehyde 


(a) Write resonance structures that will explain this fact. 


(b) Write a mechanism that accounts for the following reaction: 


cane! 


со“ 


.base, 
тон“ 
87% 
19.39 Provide а mechanism for the following reaction. 
O O 
O O (1) NaOEt 
2) H9O* 
3 pu + 3 Д. = 
H OEt 
O 
19.40 When the aldol reaction of acetaldehyde is carried out in D2O, no deuterium is found in the methyl group of unre- 
acted aldehyde. However, in the aldol reaction of acetone, deuterium is incorporated in the methyl group of the 
unreacted acetone. Explain this difference in behavior. 
CONJUGATE ADDITION REACTIONS 
19.41 Write mechanisms that account for the products of the following reactions: 


(a) 


9 О О EtO 
in SN, EOS 
EtO OEt 


(b) 


О 
09 _CH.NH, NH, 


(c) O 


OEt EtONa , 


EtO CEtOH). 


OEt 


O O 
OEt 
О OEt 
O O 
"S A Базе, Sus 


CH; N 


P NES 
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19.42 


19.43 


19.44 


19.45 


19.46 


19.47 
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Condensations in which the active hydrogen compound is a -keto ester or a B-diketone often yield products that result 
from one molecule of aldehyde or ketone and two molecules of the active methylene component. For example, 


O O 


О О О 
Р" R + AAL base О О 


R R 
Suggest a reasonable mechanism that accounts for the formation of these products. 


The following reaction illustrates the Robinson annulation reaction (Section 19.7A). Provide a mechanism. 


e AD 
"~ + ~ ~ Dase, C] 
O 


What is the structure of the cyclic compound that forms after the Michael addition of 1 to 2 in the presence of 


sodium ethoxide? 
O O 
O 
coy А SÅ NaOEt 
Sul 
O 
1 


GENERAL PROBLEMS 


Synthesize each compound starting from cyclopentanone. 


(a) Qa (b) i JO 
O 


Provide a mechanism for the following reaction. 


O 
O 
A NaOH 
3 HzO 
Predict the products of the following reactions. 
(a) (1) NaOEt, EtOH (c) (1) NaOEt, EtOH 
(2) H,0* 
КД (2) an 9 О О (3) маон 
MEE (4) CH4CH5Br 
Do g^ (3) HO* p PUN эмн 
(b) H (d) (1) NaOEt, EtOH 
(1) LDA O O 
(yy КЕС (2) ^ 
О NS 
(2) SEN 9 2 > ,; 


о 927 


Problems Pu Ne 905 


19.48  Predict the products from the following reactions. 


(a) o (c) O 
(1) 1, (excess), NaOH, HzO ..KOH , 
(2) H,O* HO/EtOH 
> 
O 


(d) о (1) LDA (1.1 equiv) 


(b) О О 
(2) о 
2 H 4 LIU. AN 
H H,O/EtOH @ Ho" > 
О O 


19.49 The mandibular glands of queen bees secrete a fluid that contains a remarkable compound known as “queen sub- 
stance.” When even an exceedingly small amount of the queen substance is transferred to worker bees, it inhibits 
the development of their ovaries and prevents the workers from bearing new queens. Queen substance, a mono- 
carboxylic acid with the molecular formula C1 9H;g03, has been synthesized by the following route: 


(1) CH3Mgl HA, heat (1) Оз 


Cycloheptanone "Ho A (СгН.60) B (Cet) (2)Me,S 
о о 
HO 
C (CsH,,0;) adie queen substance (C45H,50,) 


On catalytic hydrogenation, queen substance yields compound D, which, on treatment with iodine in sodium hydrox- 
ide and subsequent acidification, yields a dicarboxylic acid E; that is, 
Н, (1) I, in ад. NaOH 
——— > 
Queen substance — > D (C49H18O3) 2) HO* 
Provide structures for the queen substance and compounds A-E. 


E (CoH1604) 


19.50 (+)-Fenchone is a terpenoid that can be isolated from fennel oil. (+)-Fenchone has been synthesized through the 
following route. Supply the missing intermediates and reagents. 


CO,Me 
(1) (b) 
V + (a (0 а 
CO,Me 
CO.Me v, mixture of (e) and (f) LL 
соме 
CO,H CO,Me CO,Me 
| НА (К 
Q i соме тг? 0 > 
O O OH 


CO,Me 
о о 
() (m) 
CO,Me 


(+)-Fenchone 
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19.51 


19.52 


19.53 


19.54 


19.55 


19.56 
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Outline a racemic synthesis of the analgesic Darvon (below) starting with ethyl phenyl ketone. 


Show how dimedone can be synthesized from malonic ester and 4-methyl-3-penten-2-one (mesityl oxide) under 
basic conditions. 


OH 


O 
Dimedone 


Write the mechanistic steps in the cyclization of ethyl phenylacetoacetate (ethyl 3-oxo-4-phenylbutanoate) in con- 
centrated sulfuric acid to form naphthoresorcinol (1,3-naphthalenediol). 


When an aldehyde or a ketone is condensed with ethyl o-chloroacetate in the presence of sodium ethoxide, the 
product is an о,В-ероху ester called a glycidic ester. The synthesis is called the Darzens condensation. 


о R о 
cw A. Ae 
og 28а ja OEt + NaCl + EtOH 


A glycidic ester 


(a) Outline a reasonable mechanism for the Darzens condensation. (b) Hydrolysis of the epoxy ester leads to an 
epoxy acid that, on heating with pyridine, furnishes an aldehyde. What is happening here? 


ДА sin. nep 


(c) Starting with B-ionone (Review Problem 19.13), show how you might synthesize the following aldehyde. (This 
aldehyde is an intermediate in an industrial synthesis of vitamin A.) 


a 
Ó 


The Perkin condensation is an aldol-type condensation in which an aromatic aldehyde (ArCHO) reacts with a car- 
boxylic acid anhydride, (RCH2CO)5O, to give an ao. 8-unsaturated acid (ArCH —CRCOS?H). The catalyst that is 
usually employed is the potassium salt of the carboxylic acid (RCHaCO»?K). (a) Outline the Perkin condensation 
that takes place when benzaldehyde reacts with propanoic anhydride in the presence of potassium propanoate. (b) 
How would you use a Perkin condensation to prepare p-chlorocinnamic acid, p-CICgH4CH — CHCO2H? 


SPECTROSCOPY 


(a) Infrared spectroscopy provides an easy method for deciding whether the product obtained from the addition of 
a Grignard reagent to an a,G-unsaturated ketone is the simple addition product or the conjugate addition prod- 
uct. Explain. (What peak or peaks would you look for?) 


о 


im 
Challenge Problems pu 907 
(b) How might you follow the rate of the following reaction using UV spectroscopy? 
O O 
LA + Сн, Ho AA 
CH3NH 


19.57 Allowing acetone to react with 2 molar equivalents of benzaldehyde in the presence of KOH in ethanol leads to the 
formation of compound X. The '3С NMR spectrum of X is given in Fig. 19.1. Propose a structure for compound X. 


Је еар ај и арр 1e ар i oe рр зе 34 E ou he Тер а es ı l 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 


Figure 19.1 The broadband proton-decoupled 13C NMR spectrum of compound X, Problem 
19.57. Information from the DEPT 1С NMR spectra is given above the peaks. 


Challenge Problems 


19.58 Provide a mechanism for each of the following reactions. 


(a) > 
О 


O 
O (1) NaOEt, EtOH 
еј des аи + me eo (2) H3O O 
О 
О О О luc 


(b) 


(1) NaOEt, EtOH 
g^ (2) HO* o 
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19.59 (a) Deduce the structure of product A, which is highly symmetrical: 


Q2 


N О 


+2 Мор авг 
P ethanol 


The following are selected spectral data for A: 
MS (m/z): 220 (M-^) 
IR (стг !): 2930, 2860, 1715 
1H NMR (6): 1.25 (m), 1.29 (m), 1.76 (m), 1.77 (m), 2.14 (s), and 2.22 (t); (area ratios 2:1:2:1:2:2, respectively) 
13C NMR (6): 23 (CH2), 26 (CH2), 27 (CH2), 29 (C), 39 (CH), 41 (CH2), 46 (CH2), 208 (С) 


(b) Write a mechanism that explains the formation of A. 


19.60 Write the structures of the three products involved in this reaction sequence: 


HO COOH 
Br, B HoHo C Raney Ni/H, D 
CHCl, (CH4);NH in EtOH/HOAc water 
OH 


Spectral data for B: 
MS (m/z): 314, 312, 310 (relative abundance 1:2:1) 
1H NMR (ô): only 6.80 (s) after treatment with 020 
Data for C: 
MS (m/z): 371, 369, 367 (relative abundance 1:2:1) 
1H NMR (8): 2.48 (s) and 4.99 (s) in area ratio 3:1; broad singlets at 5.5 and 11 disappeared after treatment with 
020. 
Data for D: 
MS (m/z): 369 (M-* — CH3) [when studied as its tris(trimethylsilyl) derivative] 
1H NMR (8): 2.16 (s) and 7.18 (s) in area ratio 3:2; broad singlets at 5.4 and 11 disappeared after treatment with 
020. 


Learning Group Problems 


1. Lycopodine is a naturally occurring amine. As such, it belongs to the family of natural products called alkaloids. 
Its synthesis (J. Am. Chem. Soc. 1968, 90, 1647—1648) was accomplished by one of the great synthetic organic 
chemists of our time, Gilbert Stork (Columbia University). Write a detailed mechanism for all the steps that occur 
when 2 reacts with ethyl acetoacetate in the presence of ethoxide ion. Note that a necessary part of the mechanism 
will be a base-catalyzed isomerization (via a conjugated enolate) of the alkene in 2 to form the corresponding о,В- 
unsaturated ester. 


Me 
H ме, H 
S OMe OMe 


> 
1) NaOEt, EtOH 
N СОЕ! (2) HO- 
N EtO,C (3) H4O*, heat 
2 O OH 
Me O 
1 3 


Lycopodine 


o oF 


| 24 
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Steroids are an extremely important class of natural and pharmaceutical compounds. Synthetic efforts directed toward 
steroids have been underway for many years and continue to be an area of important research. The synthesis of 
cholesterol by R. B. Woodward (Harvard University, recipient of the Nobel Prize in Chemistry for 1965) and co- 
workers represents a paramount accomplishment in steroid synthesis, and it is rich with examples of carbonyl chem- 
istry and other reactions we have studied. Selected reactions from Woodward's cholesterol synthesis and the 
questions for this Learning Group Problem are shown in the WileyPlus materials for this chapter. Access those 
materials online to complete this problem. 


Cholesterol 


Summary of Mechanisms 


Enolate Reactions with Carbonyl Electrophiles 


AA 


R В’ 


R y 


B 


a hydrogen 
present) 


‘oO co 56; uc m: 
d d^ cuu 
R Wn R" | (elimination if 


Aldol reactions (addition and condensation) 


PNG R" O 
ДАДА R" 


* may be chirality centers 
Michael (conjugate) addition 
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«O*H (Z) 


Н 
vH // (vaq "б') 
aseq биоде 
о vai) уап (0) 
"y „ОРН (2) 


Zy H ПУН Јо 4? Н _:yv eam 10 VH 
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н но 


ён 
yeay ',O*H (p) UY (2) 
-OH (£) 
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Histrionicotoxin, a paralyzing 
neurotoxin from certain 
poison dart frogs. 


^ Sey 
Ы а i 


Colombian poison dart frogs are tiny, beautiful, and deadly. They produce a poison called histrionicotoxin, which 
is an amine that causes paralysis. Death from histrionicotoxin results by suffocation through paralysis of the vic- 
tim's respiratory muscles. (A molecular model of histrionicotoxin is shown above.) Curare, the Amazonian arrow 
poison that is a mixture of compounds from a woody vine, contains another paralytic neurotoxin, called d-tubocu- 
rarine. Histrionicotoxin and d-tubocurarine both block the action of acetylcholine, an important neurotransmit- 
ter. Amines like these and others have fascinating roles in biological systems, as we shall see in this chapter 
while studying the properties, reactivity, and synthesis of amines. 


HO 
d-Tubocurarine chloride 
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In common nomenclature most primary amines are named as alkylamines. In systematic 
nomenclature (blue names in parentheses below) they are named by adding the suffix 
-amine to the name of the chain or ring system to which the NH2 group is attached with 
replacement of the final -e. Amines are classified as being primary (1°), secondary (2°), 
or tertiary (3?) on the basis of the number of organic groups attached to the nitrogen 
(Section 2.8). 


Primary Amines 
А NH» Csi 
- У; 2 
CH,NH, мМ ү 
Methylamine Ethylamine Isobutylamine Cyclohexylamine 
(methanamine) (ethanamine) (2-methyl-1-propanamine) (cyclohexanamine) 


Most secondary and tertiary amines are named in the same general way. In common 
nomenclature we either designate the organic groups individually if they are different or 
use the prefixes di- or tri- if they are the same. In systematic nomenclature we use the locant 
N to designate substituents attached to a nitrogen atom. 


Secondary Amines 
H H 
N N 
Ethylmethylamine Diethylamine 


(N-methylethanamine) (N-ethylethanamine) 


Tertiary Amines 
Triethylamine Ethylmethylpropylamine 


(N,N-diethylethanamine) (N-ethyl-N-methyl-1-propanamine) 


In the IUPAC system, the substituent —NHp is called the amino group. We often use 
this system for naming amines containing an OH group or а CO2H group: 


О 
H N m .. "S 
OH ë HÑ OH 
2-Aminoethanol 3-Aminopropanoic acid 
20.1A Arylamines 
Some common arylamines have the following names: 
NH, NHCH, NH, NH, 
CH, OCH, 
Aniline N-Methylaniline p-Toluidine p-Anisidine 
(benzenamine) (N-methyl- (4-methyl- (4-methoxy- 


benzenamine) benzenamine) — benzenamine) 
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20.1B Heterocyclic Amines 


The important heterocyclic amines all have common names. In systematic replacement 
nomenclature the prefixes aza-, diaza-, and triaza- are used to indicate that nitrogen atoms 
have replaced carbon atoms in the corresponding hydrocarbon. A nitrogen atom in the ring 
(or the highest atomic weight heteroatom, as in the case of thiazole) is designated position 
] and numbering proceeds to give the lowest overall set of locants to the heteroatoms: 


x 3 

TN TN TE TY 

5 2 5 UN 5 Me 
N N N 
1 1 1 1 
| | 7 | 
H H H 
Pyrrole Pyrazole Imidazole Indole 
(1-azacyclopenta- (1,2-diazacyclopenta- (1,3-diazacyclopenta- (1-azaindene) 
2,4-diene) 2,4-diene) 2,4-diene) 

4 4 4 5 4 
502 | 3 502 | 3 5/2 Ма 6 “з 
6. 2 6. Мр oN p^ 7 22 

№; №; №; 8 №; 

Ругіаіпе Pyridazine Pyrimidine Quinoline 
(azabenzene) (1,2-diazabenzene) (1,3-diazabenzene) (1-azanaphthalene) 
4 N 6 
5 3 4—3 5—9! NN 
/ < | | 
6 2 5 2 4 22 № 22 
ii | N3 9 N3 
H H H 
Piperidine Pyrrolidine Thiazole Purine 
(azacyclohexane) (azacyclopentane) (1-thia-3- 


azacyclopenta-2,4-diene) 


20.2 Physical Properties and Structure of Amines 


20.2A Physical Properties 


Amines are moderately polar substances; they have boiling points that are higher than those 
of alkanes but generally lower than those of alcohols of comparable molecular weight. 
Molecules of primary and secondary amines can form strong hydrogen bonds to each other 
and to water. Molecules of tertiary amines cannot form hydrogen bonds to each other, but 
they can form hydrogen bonds to molecules of water or other hydroxylic solvents. As a 
result, tertiary amines generally boil at lower temperatures than primary and secondary 
amines of comparable molecular weight, but all low-molecular-weight amines are very water 
soluble. 
Table 20.1 lists the physical properties of some common amines. 


20.2B Structure of Amines 


The nitrogen atom of most amines is like that of ammonia; it is approximately sp? 
hybridized. The three alkyl groups (or hydrogen atoms) occupy corners of a tetrahedron; 
the sp? orbital containing the unshared electron pair is directed toward the other corner. We 
describe the shape of the amine by the location of the atoms as being trigonal pyramidal 
(Section 1.16B). However, if we were to consider the unshared electron pair as being a group 
we would describe the geometry of the amine as being tetrahedral. The electrostatic potential 
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Water Solubility pKa 
Name Structure mp (°C) bp (°C) (25°C) (g 100 mL ') (aminium ion) 

Primary Amines 
Methylamine CH3NH2 —94 —6 Very soluble 10.64 
Ethylamine CH3CH2NH? —81 17 Very soluble 10.75 
Isopropylamine (CH3)2CHNH2 —101 33 Very soluble 10.73 
Cyclohexylamine Cyclo-C&H44NH5 =18 134 Slightly soluble 10.64 
Benzylamine C&4H5CH5NH5 10 185 Slightly soluble 9.30 
Aniline C&H5NH5 —6 184 3.7 4.58 
4-Methylaniline 4-CH3C4H4NH5 44 200 Slightly soluble 5.08 
4-Nitroaniline 4-NO2;C&4H4NH5 148 332 Insoluble 1.00 
Secondary Amines 
Dimethylamine (CH3)2NH —92 7 Very soluble 10.72 
Diethylamine (CH3CH2)2NH —48 56 Very soluble 10.98 
Diphenylamine (C&H5)2NH 53 302 Insoluble 0.80 
Tertiary Amines 
Trimethylamine (CH3)3N —117 2.9 Very soluble 9.70 
Triethylamine (CH3CH2)3N =115 90 14 10.76 
N,N-Dimethylaniline C&H5N(CH3)2 3 194 Slightly soluble 5.06 


map for the van der Waals surface of trimethylamine indicates localization of negative 
charge where the nonbonding electrons are found on the nitrogen: 


Structure of an amine A calculated structure for trimethylamine 
The electrostatic potential map shows 
charge associated with the nitrogen 
unshared electron pair. 


The bond angles are what one would expect of a tetrahedral structure; they are very close 
to 109.5°. The bond angles for trimethylamine, for example, are 108°. 

If the alkyl groups of a tertiary amine are all different, the amine will be chiral. There 
will be two enantiomeric forms of the tertiary amine, and, theoretically, we ought to be able 
to resolve (separate) these enantiomers. In practice, however, resolution is usually impos- 
sible because the enantiomers interconvert rapidly: 


R” = B R” 
$ EI А 
@ = 9 
/ \ 
R" R" 


Interconversion of amine 
enantiomers 


R’ 
N 


nu 
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This interconversion occurs through what is called a pyramidal or nitrogen inversion. 
The barrier to the interconversion is about 25 kJ тој“ ! for most simple amines, low enough 
to occur readily at room temperature. In the transition state for the inversion, the nitrogen 
atom becomes sp? hybridized with the unshared electron pair occupying a p orbital. 

Ammonium salts cannot undergo nitrogen inversion because they do not have an 
unshared pair. Therefore, those quaternary ammonium salts with four different groups are 
chiral and can be resolved into separate (relatively stable) enantiomers: 


H R' 
R” e | S R” 
^N Ea R” в"— 
/ \ 
R” R” 
X- X- 


Quaternary ammonium salts such as 
these can be resolved. 


20.3 Basicity of Amines: Amine Salts 


@ Amines are relatively weak bases. Most are stronger bases than water but are far 
weaker bases than hydroxide ions, alkoxide ions, and alkanide anions. 


A convenient way to compare the base strengths of amines is to compare the pK, val- 
ues of their conjugate acids, the corresponding alkylaminium ions (Sections 3.6C and 
20.3D). 


ВАН, + HO = АМН, + ЊО" 


ТАНЊО] 
K = АМН 


pK, = —log Ka 


The equilibrium for an amine that is relatively more basic will lie more toward the left 
in the above chemical equation than for an amine that is less basic. 


@ The aminium ion of a more basic amine will have a larger pK, than the aminium 
ion of a less basic amine. 


When we compare aminium ion acidities in terms of this equilibrium, we see that most 
primary alkylaminium ions (RNH3") are less acidic than ammonium ion (NH4*). In other 
words, primary alkylamines (АНМ) are more basic than ammonia (NH3): 


H H H 
E l+ E 
cH Cra H СНЕС до. 
H H H 
Aminium ion pKa 9.26 10.64 10.75 


We can account for this on the basis of the electron-releasing ability of an alkyl group. An 
alkyl group releases electrons, and it stabilizes the alkylaminium ion that results from the 
acid-base reaction by dispersing its positive charge. It stabilizes the alkylaminium ion to 
a greater extent than it stabilizes the amine: 


H 
Ed. H + H OH s= ee + "ОН 
H H 


By releasing electrons, R > 
stabilizes the alkylaminium ion 
through dispersal of charge. 
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This explanation is supported by measurements showing that in the gas phase the basic- 
ities of the following amines increase with increasing methyl substitution: 


(CH3)3N > (CH3)2NH > CH3NH2 > NH3 
3? 2? 1° 
Gas phase 


This is not the order of basicity of these amines in aqueous solution, however. In aque- 
ous solution (Table 20.1) the order is 


(CH3)eNH > CH3NH> > (CH3)3N > NH3 
2° 1° 3 
Aqueous solution 
The reason for this apparent anomaly is now known. In aqueous solution the aminium ions 
formed from secondary and primary amines are stabilized by solvation through hydrogen 
bonding much more effectively than are the aminium ions formed from tertiary amines. The 
aminium ion formed from a tertiary amine such as (СНа)з МН“ has only one hydrogen to 
use in hydrogen bonding to water molecules, whereas the aminium ions from secondary 
and primary amines have two and three hydrogens, respectively. Poorer solvation of the 
aminium ion formed from a tertiary amine more than counteracts the electron-releasing 
effect of the three methyl groups and makes the tertiary amine less basic than primary and 
secondary amines in aqueous solution. The electron-releasing effect does, however, make 
the tertiary amine more basic than ammonia. 


20.3A Basicity of Arylamines 
@ Aromatic amines are much weaker bases than alkylamines. 


Considering amine basicity from the perspective of aminium ion acidity, when we exam- 
ine the pK, values of the conjugate acids of aromatic amines (e.g., aniline and 4-methyl- 
aniline) in Table 20.1, we see that they are much weaker bases than the nonaromatic amine, 
cyclohexylamine: 


| | i 
IN H—N--H Мр 
СНз 
Aminium ion pKa 10.64 4.58 5.08 


We can account for this effect, in part, on the basis of resonance contributions to the 
overall hybrid of an arylamine. For aniline, the following contributors are important: 


Н, 


N CNH, NH, NH, NH, 
Q " E 
25 < ——— 2 ——— ——— 
№ 
2 3 4 5 


1 


Structures 1 and 2 are the Kekulé structures that contribute to any benzene derivative. 
Structures 3-5, however, delocalize the unshared electron pair of the nitrogen over the ortho 
and para positions of the ring. This delocalization of the electron pair makes it less avail- 
able to a proton, and delocalization of the electron pair stabilizes aniline. 
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When aniline accepts a proton it becomes an anilinium ion: 


А 
NH, 
+ HO == e + OH- 


Anilinium 
ion 


NH, 


Once the electron pair of the nitrogen atom accepts the proton, it is no longer available to 
participate in resonance, and hence we are only able to write two resonance structures for 
the anilinium ion—the two Kekulé structures: 


+ 
NH, NH, 


Structures corresponding to 3-5 are not possible for the anilinium ion, and, consequently, 
although resonance does stabilize the anilinium ion considerably, resonance does not sta- 
bilize the anilinium ion to as great an extent as it does aniline itself. This greater stabilization 
of the reactant (aniline) when compared to that of the product (anilinium ion) means that 
AH? for the reaction 


Aniline + H20 — anilinium ion + ОН“ 
will be a larger positive quantity than that for the reaction 
Cyclohexylamine + H20 — cyclohexylaminium ion + OH ^ 


(See Fig. 20.1.) Aniline, as a result, is the weaker base. 
Another important effect in explaining the lower basicity of aromatic amines is the 
electron-withdrawing effect of a phenyl group. Because the carbon atoms of a phenyl 


s 
NH,+ OH- 


А 
NH,+ OH- 


АН > АН“, 


АН“, is larger than 
АНУ, thus aniline 


АН“, is the weaker 
base. 


:NH, (2) 


Resonance stabilization 
of aniline, as compared 
with cyclohexylamine + H,O 


Figure 20.1 Enthalpy diagram for (1) the reaction of cyclohexylamine with H20 and 
(2) the reaction of aniline with H2O. (The curves are aligned for comparison only and 
are not to scale.) Protonation of aniline has a larger AH? than protonation of 
cyclohexylamine, thus aniline is a weaker base. 
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Ethylamine 


Acetamide 


Figure 20.2 Calculated 
electrostatic potential maps 
(calibrated to the same charge 
scale) for ethylamine and 
acetamide. The map for 
ethylamine shows localization of 
negative charge at the unshared 
electron pair of nitrogen. The 
map for acetamide shows most 
of the negative charge at its 
oxygen atom instead of at 
nitrogen, due to the electron- 
withdrawing effect of the 
carbonyl group. 
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group are sp? hybridized, they are more electronegative (and therefore more electron with- 
drawing) than the sp^-hybridized carbon atoms of alkyl groups. We shall discuss this effect 
further in Section 21.5A. 


20.3B Basicity of Heterocyclic Amines 


Nonaromatic heterocyclic amines have basicities that are approximately the same as those 


of acyclic amines: 


H H H 
pK, of corresponding Piperidine Pyrrolidine Diethylamine 
aminium ion 11.20 11.11 10.98 


In aqueous solution, aromatic heterocyclic amines such as pyridine, pyrimidine, and pyr- 
role are much weaker bases than nonaromatic amines or ammonia. (In the gas phase, how- 
ever, pyridine and pyrrole are more basic than ammonia, indicating that solvation has a very 
important effect on their relative basicities; see Section 20.3.) 


N 
pK, of corresponding Pyridine Pyrimidine Pyrrole Quinoline 
aminium ion 5.23 2.70 0.40 4.5 


20.3C Amines versus Amides 


9 Amides are far less basic than amines (even less basic than arylamines). The pK, 
of the conjugate acid of a typical amide is about zero. 


The lower basicity of amides when compared to amines can be understood in terms of res- 
onance and inductive effects. An amide is stabilized by resonance involving the nonbond- 
ing pair of electrons on the nitrogen atom. However, an amide protonated on its nitrogen 
atom lacks this type of resonance stabilization. This is shown in the following resonance 
structures: 


Amide 
KON :0 A О "mw 
Larger 
pu T — A " —— PN resonance 
R NH, R^ * "NH, R NH,* stabilization 
N-Protonated Amide 
неу : д = 
Smaller 
+ << E resonance 
R NH, R^ + ^NH, stabilization 


However, a more important factor accounting for amides being weaker bases than amines 
is the powerful electron-withdrawing effect of the carbonyl group of the amide. This effect 
is illustrated by the electrostatic potential maps for ethylamine and acetamide shown in Fig. 
20.2. Significant negative charge is localized at the position of the nonbonding electron pair 
in ethylamine (as indicated by the red color). In acetamide, however, less negative charge 
resides near the nitrogen than in ethylamine. 

Comparing the following equilibria, the reaction with the amide lies more to the left than 
the corresponding reaction with an amine. This is consistent with the amine being a stronger 
base than an amide. 


nu 
20.3 Basicity of Amines: Amine Salts Y 919 


О О 
A + HO —— J. + OH 
R^ "NH, R^ ^NH, 


R-NH, + H,O <= R—NH, + OH 


The nitrogen atoms of amides are so weakly basic that when an amide accepts a pro- 
ton, it does so on its oxygen atom instead (see the mechanism for hydrolysis of an amide, 
Section 17.8F). Protonation on the oxygen atom occurs even though oxygen atoms (because 
of their greater electronegativity) are typically less basic than nitrogen atoms. Notice, how- 
ever, that if an amide accepts a proton on its oxygen atom, resonance stabilization involv- 
ing the nonbonding electron pair of the nitrogen atom is possible: 


ae 


OH 


: :OH :OH 
NH, R^ * NH, R^ “н, 


20.3D Aminium Salts and Quaternary Ammonium Salts 


R 


When primary, secondary, and tertiary amines act as bases and react with acids, they form 
compounds called aminium salts. In an aminium salt the positively charged nitrogen atom 
is attached to at least one hydrogen atom: 


i | 
+ РЕЯ 
за МЕ gt ЊЕ а Cl 
H 


Ethylaminium chloride 
(an aminium salt) 


H H 
| em А 
+ НВг —— B 
EP | H,O d J 
H 


Diethylaminium bromide 


' A 


+ = 
= | 
HO ^ ld 
H 
Triethylaminium iodide 


When the central nitrogen atom of a compound is positively charged but is not attached 
to a hydrogen atom, the compound is called a quaternary ammonium salt. For example, 


a 


К 3 
s 


Tetraethylammonium bromide 
(a quaternary ammonium salt) 


Quaternary ammonium halides—because they do not have an unshared electron pair on 
the nitrogen atom—cannot act as bases. Quaternary ammonium hydroxides, however, are 
strong bases. As solids, or in solution, they consist entirely of quaternary ammonium cations 
(R4N*) and hydroxide ions (ОНГ); they are, therefore, strong bases—as strong as sodium 
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Helpful Hint 


You may make use of the basicity 
of amines in your organic 
chemistry laboratory work for the 
separation of compounds or for 
the characterization of unknowns. 


Review Problem 20.1 


Review Problem 20.2 


Helpful Hint 


See "The Chemistry of... HPLC 
Resolution of Enantiomers" in 
WileyPLUS for information about 
another technique for resolving 
enantiomers. 
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or potassium hydroxide. Quaternary ammonium hydroxides react with acids to form qua- 
ternary ammonium salts: 


(CH) NOH- + HCl — (CH,),NCI- + ЊО 


In Section 20.12A we shall see how quaternary ammonium salts can be used to form 
alkenes by a reaction called the Hofmann elimination. 


20.3E Solubility of Amines in Aqueous Acids 


€ Almost all alkylaminium chloride, bromide, iodide, and sulfate salts are soluble in 
water. Thus, primary, secondary, or tertiary amines that are not soluble in water 
will dissolve in dilute aqueous НСІ, НВг, НІ, and H2SO4. 


Solubility in dilute acid provides a convenient chemical method for distinguishing amines 
from nonbasic compounds that are insoluble in water. Solubility in dilute acid also gives 
us a useful method for separating amines from nonbasic compounds that are insoluble in 
water. The amine can be extracted into aqueous acid (dilute HCl) and then recovered by 
making the aqueous solution basic and extracting the amine into ether or CH2Clo. 


P diim" 


N 
—NÍ + 
/ 


\ + 
—N—H XxX- 
(or HSO; `) 
Water-soluble 
aminium salt 


Hex — 
(огН,50)) 


Water-insoluble 
amine 


Because amides are far less basic than amines, water-insoluble amides do not dissolve 


in dilute aqueous НСІ, HBr, НІ, or H2SO4: 
O 


A 


R NH, 
Water-insoluble amide 
(not soluble in aqueous acids) 


Outline a procedure for separating hexylamine from cyclohexane using dilute HCI, aque- 
ous NaOH, and diethyl ether. 


Outline a procedure for separating a mixture of benzoic acid, 4-methylphenol, aniline, and 
benzene using acids, bases, and organic solvents. 


20.3F Amines as Resolving Agents 


€ Enantiomerically pure amines are often used to resolve racemic forms of acidic 
compounds by the formation of diastereomeric salts. 


We can illustrate the principles involved in resolution by showing how a racemic form of 
an organic acid might be resolved (separated) into its enantiomers with the single enan- 
tiomer of an amine as a resolving agent (Fig. 20.3). 

In this procedure the single enantiomer of an amine, (R)-1-phenylethylamine, is added 
to a solution of the racemic form of an acid. The salts that form are diastereomers. The 
chirality centers of the acid portion of the salts are enantiomerically related to each other, 
but the chirality centers of the amine portion are not. The diastereomers have different sol- 
ubilities and can be separated by careful crystallization. The separated salts are then acid- 
ified with hydrochloric acid and the enantiomeric acids are obtained from the separate 
solutions. The amine remains in solution as its hydrochloride salt. 
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(R)-Amine (optically pure) 
Ме 


Racemic (А,5)-асіа This is the 
resolving 
agent. 


These salts are 
diastereomers 


and can be ' 
separated. | 
(P) (P) | (5) (R) 
(R,R)-Salt | (S, R)-Salt 
[ho Separate |н" 
8 OH HO A 
HO H H OH 
(R)-Acid (S)-Acid 


Figure 20.3 Resolution of the racemic form of an organic acid by the use of an optically active 
amine. Acidification of the separated diastereomeric salts causes the enantiomeric acids to 
precipitate (assuming they are insoluble in water) and leaves the resolving agent in solution as 
its conjugate acid. 


Single enantiomers that are employed as resolving agents are often readily available 
from natural sources. Because most of the chiral organic molecules that occur in living 
organisms are synthesized by enzymatically catalyzed reactions, most of them occur as 
single enantiomers. Naturally occurring optically active amines such as ( —)-quinine (See 
“The Chemistry of . . . Biologically Important Amines” later in this section), ( —)-strych- 
nine, and (—)-brucine are often employed as resolving agents for racemic acids. Acids 
such as (+)- or (—)-tartaric acid (Section 5.15A) are often used for resolving racemic 
bases. 


(—)-Strychnine (—)-Brucine 
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THE CHEMISTRY OF... 


Biologically Important Amines 


A large number of medically and biologically important compounds are amines. Listed here are some important examples: 


HO 2X „МНА 


HO 


R = CH,, Adrenaline (epinephrine) 
R = H, Noradrenaline (norepinephrine) 


Amphetamine 
(benzedrine) 


NH2 


2-Phenylethylamine 


T NH; CH3O NH2 HO. NH2 
N 
a CH3O N 
ОСН; H 
Dopamine Mescaline Serotonin 
Z H 


Morphine (R — H) 
Codeine (R = CH,) 


2-Phenylethylamines 


Many phenylethylamine compounds have powerful physio- 
logical and psychological effects. Adrenaline and noradren- 
aline are two hormones secreted in the medulla of the 
adrenal gland. Released into the bloodstream when an ani- 
mal senses danger, adrenaline causes an increase in blood 
pressure, a strengthening of the heart rate, and a widening 
of the passages of the lungs. All of these effects prepare the 
animal to fight or to flee. Noradrenaline also causes an 
increase in blood pressure, and it is involved in the trans- 
mission of impulses from the end of one nerve fiber to the 
next. Dopamine and serotonin are important neurotrans- 
mitters in the brain. Abnormalities in the level of dopamine 
in the brain are associated with many psychiatric disorders, 
including Parkinson's disease. Dopamine plays a pivotal role 
in the regulation and control of movement, motivation, and 
cognition. Serotonin is a compound of particular interest 
because it appears to be important in maintaining stable 
mental processes. It has been suggested that the mental dis- 
order schizophrenia may be connected with abnormalities 
in the metabolism of serotonin. 


CHO 


(—)-Quinine 


Amphetamine (a powerful stimulant) and mescaline (a 
hallucinogen) have structures similar to those of serotonin, 
adrenaline, and noradrenaline. They are all derivatives of 2- 
phenylethylamine. (In serotonin the nitrogen is connected to 
the benzene ring to create a five-membered ring.) The struc- 
tural similarities of these compounds must be related to their 
physiological and psychological effects because many other 
compounds with similar properties are also derivatives of 
2-phenylethylamine. Examples (not shown) are N-methyl- 
amphetamine and LSD (lysergic acid diethylamide). Even 
morphine and codeine, two powerful analgesics, have a 
2-phenylethylamine system as a part of their structures. 
[Morphine and codeine are examples of compounds called 
alkaloids (Special Topic F). Try to locate the 2-phenylethy- 
lamine system in their structures. ] 


Vitamins and Antihistamines 

A number of amines are vitamins. These include nicotinic 
acid and nicotinamide, pyridoxine (vitamin Bg, see “The 
Chemistry of ... Pyridoxal Phosphate" in WileyPLUS for 
Chapter 16), and thiamine chloride (vitamin B4, see “The 
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Chemistry о... Thiamine,” in WileyPLUS for Chapter 17). 
Nicotine is a toxic alkaloid found in tobacco that makes 
smoking habit forming. Histamine, another toxic amine, is 
found bound to proteins in nearly all tissues of the body. 


OH 
OH 


сну ^N З 
Ругіаохіпе Thiamine chloride 
(vitamin B,) (vitamin B,) 


$ 
гы 923 


Release of free histamine causes the symptoms associated 
with allergic reactions and the common соја. 
Chlorpheniramine, an "antihistamine," is an ingredient of 
many over-the-counter cold remedies. 


СНз O 
CI N, 
Fe, ЈА М WT МА Z сњ ~ OH 
ES CH N NH2 ^N N 


Nicotinic acid 
(niacin) 


Nicotine 


РУДА X 
NH; | ). 
Бе 6 
N N 
2 Msg | 
N " C 
H CH; С) 
CI 


Histamine 


Tranquilizers 


Chlorpheniramine 


Valium (diazepam) 


Valium (diazepam) is a widely prescribed tranquilizer. Chlordiazepoxide is a closely 
related compound. Phenobarbital (also see the model) is used to control epileptic 
seizures and as a sedative for insomnia and relief of anxiety. 


Phenobarbital. 


Chlordiazepoxide 


Neurotransmitters 


Nerve cells interact with other nerve cells or with muscles at 
junctions, or gaps, called synapses. Nerve impulses are car- 
ried across the synaptic gap by chemical compounds called 
neurotransmitters. Acetylcholine (see the following reaction) 
is an important neurotransmitter at neuromuscular synapses 
called cholinergic synapses. Acetylcholine contains a qua- 


Phenobarbital 


ternary ammonium group. Being small and ionic, acetyl- 
choline is highly soluble in water and highly diffusible, qual- 
ities that suit its role as a neurotransmitter. Acetylcholine 
molecules are released by the presynaptic membrane in the 
neuron in packets of about 10^ molecules. The packet of 
molecules then diffuses across the synaptic gap. 


O CH3 O CH3 
A NCH SBO acetylcholinesterase E N'—CH 
oN 7? 5 он + но | | 
СНз СНз 
Acetylcholine Choline 
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Having carried a nerve impulse across the synapse to the 
muscle where it triggers an electrical response, the acetyl- 
choline molecules must be hydrolyzed (to choline) within a 
few milliseconds to allow the arrival of the next impulse. This 
hydrolysis is catalyzed by an enzyme of almost perfect effi- 
ciency called acetylcholinesterase. 


The acetylcholine receptor on the postsynaptic mem- 
brane of muscle is the target for some of the most deadly 
neurotoxins, including d-tubocurarine and histrionicotoxin, 
shown here. 


HO 


d-Tubocurarine chloride 


When d-tubocurarine binds at the acetylcholine receptor 
site, it prevents opening of the ion channels that depolarize 
the membrane. This prevents a nerve impulse, and results 
in paralysis. 

Even though d-tubocurarine and histrionicotoxin are 
deadly poisons, both have been useful in research. For 
example, experiments in respiratory physiology that require 
absence of normal breathing patterns have involved curare- 
induced temporary (and voluntary!) respiratory paralysis of 
a researcher. While the experiment is underway and until the 
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Histrionicotoxin 


effects of the curare are reversed, the researcher is kept alive 
by a hospital respirator. In similar fashion, d-tubocurarine, as 
well as succinylcholine bromide, is used as a muscle relax- 
ant during some surgeries. 


Br- о qne 
CH, + Br 
он и e 
H 
CH, o Б 


Succinylcholine bromide 


In this section we discuss a variety of ways to synthesize amines. Some of these methods 
will be new to you, while others are methods you have studied earlier in the context of 
related functional groups and reactions. Later, in Chapter 24, you will see how some of the 
methods presented here, as well as some others for asymmetric synthesis, can be used to 
synthesize a-amino acids, the building blocks of peptides and proteins. 


20.4A Through Nucleophilic Substitution Reactions 


Alkylation of Ammonia Salts of primary amines can be prepared from ammonia and 
alkyl halides by nucleophilic substitution reactions. Subsequent treatment of the resulting 
aminium salts with a base gives primary amines: 


NH, + R—X On 


> R—NH, X- 24 RNH, 


@ This method is of very limited synthetic application because multiple alkylations 
occur. 


When ethyl bromide reacts with ammonia, for example, the ethylaminium bromide that 
is produced initially can react with ammonia to liberate ethylamine. Ethylamine can then 
compete with ammonia and react with ethyl bromide to give diethylaminium bromide. 
Repetitions of alkylation and proton transfer reactions ultimately produce some tertiary 
amines and even some quaternary ammonium salts if the alkyl halide is present in excess. 
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A MECHANISM FOR THE REACTION 


Alkylation of NH3 


D EE H 
~ “NH, + Pn — 5 + Вг, еіс. 
| 


H 


Multiple alkylations can be minimized by using a large excess of ammonia. (Why?) An 
example of this technique can be seen in the synthesis of alanine from 2-bromopropanoic acid: 


O O 
Aon + NH, — му он 
Вг NH, 
(1 mol) (70 mol) Alanine 
(65-70%) 


Alkylation of Azide lon and Reduction A much better method for preparing a 
primary amine from an alkyl halide is first to convert the alkyl halide to an alkyl azide 
(R—Ns) by a nucleophilic substitution reaction, then reduce the azide to a primary amine 
with sodium and alcohol or with lithium aluminum hydride. 


R-X + (N-N—N; 2E. R—N—N—N; "PTT. RH, 
Azide ion Alkyl Ama 
(a good nucleophile) azide 


A word of caution: Alkyl azides are explosive, and low-molecular-weight alkyl azides should 
not be isolated but should be kept in solution. Sodium azide is used in automotive airbags. 


The Gabriel Synthesis Potassium phthalimide (see the following reaction) can also be 
used to prepare primary amines by a method known as the Gabriel synthesis. This synthesis 
also avoids the complications of multiple alkylations that occur when alkyl halides are 
treated with ammonia: 


Step 3 
o Step 1 o Step 2 о, 
оь." 
у eo (—KX) / EtOH, reflux 
(several 
o O O steps) 


Phthalimide N-Alkylphthalimide 
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О О 
NHNH, UH 
(continued from у (several " + R—NH 
previous page) re Steps) 4 2 
N—R ^H 
Y H 


Phthalazine-1,4-dione Primary 
amine 


Phthalimide is quite acidic (pK, = 9); it can be converted to potassium phthalimide by potas- 
sium hydroxide (step 1). The phthalimide anion is a strong nucleophile and (in step 2) it reacts 
with an alkyl halide by ап 542 mechanism to give an N-alkylphthalimide. At this point, the 
N-alkylphthalimide can be hydrolyzed with aqueous acid or base, but the hydrolysis is often 
difficult. It is often more convenient to treat the N-alkylphthalimide with hydrazine (NH2NH2) 
in refluxing ethanol (step 3) to give a primary amine and phthalazine-1,4-dione. 


Review Problem 20.3 (a) Write resonance structures for the phthalimide anion that account for the acidity of 


phthalimide. (b) Would you expect phthalimide to be more or less acidic than benzamide? 
Why? (c) In step 3 of our reaction several steps have been omitted. Propose reasonable 
mechanisms for these steps. 


Oo O 
по 
М 
:N—H | 
H 
O: 
Phthalimide Benzamide 


Syntheses of amines using the Gabriel synthesis are, as we might expect, restricted to 
the use of methyl, primary, and secondary alkyl halides. The use of tertiary halides leads 
almost exclusively to eliminations. 


Solved Problem 20.1 


Outline a synthesis of 4-methylpentanamine using the Gabriel synthesis. 


ANSWER 


pi 
NH NH, M NH N 
EtOH, heat 25 У 


Review Problem 20.4 Outline a preparation of benzylamine using the Gabriel synthesis. 
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Alkylation of Tertiary Amines Multiple alkylations are not a problem when tertiary 
amines are alkylated with methyl or primary halides. Reactions such as the following take 
place in good yield: 


wA Dy O 


5,2 + S 
RN: + RCH,—Br ——> R,N—CHR + Br 


20.4B Preparation of Aromatic Amines through Reduction 
of Nitro Compounds 


The most widely used method for preparing aromatic amines involves nitration of the ring 
and subsequent reduction of the nitro group to an amino group: 
HNO, [H] 


Ar—H H50, Ar— NO» ^ Ar—NHo 


We studied ring nitration in Chapter 15 and saw there that it is applicable to a wide vari- 
ety of aromatic compounds. Reduction of the nitro group can also be carried out in a num- 
ber of ways. The most frequently used methods employ catalytic hydrogenation, or 
treatment of the nitro compound with acid and iron. Zinc, tin, or a metal salt such as SnClo 
can also be used. Overall, this is a бе reduction. 


General Reaction 


Hs, catalyst 
ог (1) Fe, НС! (2) ОН“ 


мо, NH, 
O (1) Fe, HCI O 
—_ > 
(2) OH- 


97% 


Ar—NO, Ar—NHs 


Specific Example 


20.4C Preparation of Primary, Secondary, and Tertiary 
Amines through Reductive Amination 


Aldehydes and ketones can be converted to amines through catalytic or chemical reduction 
in the presence of ammonia or an amine. Primary, secondary, and tertiary amines can be 
prepared this way: 


н. н 
NH М 
m 2 E 1? Amine 
R R’ 
H 
о | H_ т R 
„А B Ри 2? Amine 
R' R R 
H 
Aldehyde 
or т R" 
ketone ^N^ 


ili dl 3° Amine 
[H] 
R R’ 
H 


This process, called reductive amination of the aldehyde or ketone (or reductive alkyla- 
tion of the amine), appears to proceed through the following general mechanism (illustrated 
with a 1° amine). 
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A MECHANISM FOR THE REACTION 


Reductive Amination 


‘Oo R” 
Д. №” = Е ЕЖ ЈЕ 
R R’ 2 steps p , 
à HOUR 
Aldehyde 1° Amine Hemiaminal Imine 
or 
ketone | 
|" 
NHR" 
R R' 
H 
2? Amine 


У When ammonia or a primary amine is used, there аге two possible pathways to the prod- 
= < Hepa Hint — , uct: via an amino alcohol that is similar to a hemiacetal and is called a hemiaminal or via 
an imine (Section 16.8A). When secondary amines are used, an imine cannot form, and, 


We saw the importance of imines 
therefore, the pathway is through the hemiaminal or through an iminium ion: 


in "The Chemistry of . . . Pyridoxal 


Phosphate" (vitamin Bg) 
in WileyPLUS for Chapter 16 В” + В” 
(Section 16.8). ^N^ 
“~ R' 
Iminium ion 


The reducing agents employed include hydrogen and a catalyst (such as nickel) or 
NaBH3CN or LiBH3CN (sodium or lithium cyanoborohydride). The latter two reducing 
agents are similar to NaBH, and are especially effective in reductive aminations. Three spe- 


cific examples of reductive amination follow: 


H NH&,H, Ni NH» 
——————ә 
90 atm 
40-70C 
БЕ add Benzylamine 


(89%) 


_(1) CH,CHNH, | 
(2) 72) LiBH,CN CN 
M TM 


Benzaldehyde 
(8996) 


CH, 
о (1) (CH,)2NH "d 
(2) NaBH,CN \ 

CH, 


N,N-Dimethylcyclohexanamine 


Cyclohexanone 
(52-54%) 


„N 
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Solved Problem 20.2 


Outlined below is a synthesis of the stimulant amphetamine. Provide the intermediates A and B. 


HN 
Br 
C 2^ NaCN (1) CHgLi (1) NH, 
= А ————À B ————9 
(2) НО (2) LiBH3CN 
Amphetamine 
ANSWER 
О 
СМ 
Show how you might prepare each of the following amines through reductive amination: Review Problem 20.5 


(a 


) PU i (c) ae 
(b) G oer 
po 
H 


Solved Problem 20.3 


Reductive amination of a ketone is almost always a better method for the synthesis of an amine of the type 
R’ than treatment of an alkyl halide with ammonia. Explain why this is true. 


A 


R^ “мн, 


STRATEGY AND ANSWER Consider the structure of the required alkyl halide. Reaction of a secondary halide 


with ammonia would inevitably be accompanied by considerable elimination, thereby decreasing the yield of the 
secondary amine. Multiple N-alkylations may also occur. 


20.4D Preparation of Primary, Secondary, or Laud 
Amines through Reduction of Nitriles, Oximes, and Amides 


Nitriles, oximes, and amides can be reduced to amines. Reduction of a nitrile or an oxime yields 
a primary amine; reduction of an amide can yield a primary, secondary, or tertiary amine: 


Nitriles can be prepared from 


= [H] alkyl halides and СМ“ (Section 17.3) 
R—C=N RCH,NH, or from aldehydes and ketones 
Nitrile 1° Amine as cyanohydrins (Section 16.9). 


[H] Oximes can be prepared from 
RCH—NOH ; RCH,NH, { aldehydes and ketones (Section 16.8B). 
Oxime 1° Amine 


[H] Amides can be prepared 
R—C—N—R' —> RCH,N—R' from acid chlorides, acid anhydrides, 
and esters (Section 17.8). 
R” R” 


Amide 3? Amine 


930 Chapter 20 Amines 


(In the last example, if R' — H and R" — H, the product is a 1? amine; if only R' — H, the 
product is a 2? amine.) 

All of these reductions can be carried out with hydrogen and a catalyst ог with ЦАЈНА. 
Oximes are also conveniently reduced with sodium in ethanol. 

Specific examples follow: 


50-60% 
N NH, 
c 2 H,, Raney Ni 
— 
140°C 
2-Phenylethanenitrile 2-Phenylethanamine 
(phenylacetonitrile) (71%) 
оњ оњ 
N N 
Y (1) LiAIH ic 
(0) (2) H,0 
N-Methylacetanilide N-Ethyl-N-methylaniline 


Reduction of an amide is the last step in a useful procedure for monoalkylation of an 
amine. The process begins with acylation of the amine using an acyl chloride or acid anhy- 
dride; then the amide is reduced with lithium aluminum hydride. For example, 


NH, (1) LiAIH, | m 
ee (2) (2)H,0 > 


Benzylamine Benzylethylamine 


Solved Problem 20.4 


Show how you might synthesize 2-propanamine from a three-carbon starting material that is a ketone, aldehyde, 
nitrile, or amide. 


STRATEGY AND ANSWER We begin by recognizing that 2-propanamine has a primary amine group bonded to a 
secondary carbon. Neither a three-carbon nitrile nor a three-carbon amide can lead to this structural unit from a C3 
starting material. An oxime can lead to the proper structure, but we must start with a three-carbon ketone rather 
than an aldehyde. Therefore, we choose propanone as our starting material, convert it to an oxime, and then reduce 
the oxime to an amine. 


Review Problem 20.6 Show how you might utilize the reduction of an amide, oxime, or nitrile to carry out each 
of the following transformations: 


a) о 
OH NUS 
H 


b 
( ) Paw ВГ ———À N” и 
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(c) о 


(d) O NH2 
-— М по m NN 


20.4E Preparation of Primary Amines through 
the Hofmann and Curtius Rearrangements 


Hofmann Rearrangement Amides with no substituent on the nitrogen react with solu- 
tions of bromine or chlorine in sodium hydroxide to yield amines through a reaction known 
as the Hofmann rearrangement or Hofmann degradation: 


O 
|| 


H,O 
n NH, + Br, + 4NaOH —— R-—NH, + 2NaBr + Ма,со, + 2H,O 


From this equation we can see that the carbonyl carbon atom of the amide is lost (as 
CO?) and that ће R group of the amide becomes attached to the nitrogen of the amine. 
Primary amines made this way are not contaminated by 2? or 3? amines. 

The mechanism for this interesting reaction is shown in the following scheme. In the first 
two steps the amide undergoes a base-promoted bromination, in a manner analogous to the 
base-promoted halogenation of a ketone that we studied in Section 18.3B. (The electron-with- 
drawing acyl group of the amide makes the amido hydrogens much more acidic than those 
of an amine.) The N-bromo amide then reacts with hydroxide ion to produce an anion, which 
spontaneously rearranges with the loss of a bromide ion to produce an isocyanate (Section 
17.9A). In the rearrangement the R— group migrates with its electrons from the acyl carbon 
to the nitrogen atom at the same time the bromide ion departs. The isocyanate that forms in 
the mixture is quickly hydrolyzed by the aqueous base to a carbamate ion, which undergoes 
spontaneous decarboxylation resulting in the formation of the amine. 


A MECHANISM FOR THE REACTION 


The Hofmann Rearrangement 
7 b i 
c Е P EA OS 
A 9 === R^ а= 230 - eS + Br 
H H H 
+ HjO 
Amide N-Bromo amide 


R 


Base-promoted N-bromination of the amide occurs. 


| | 
C 


C A 


N— Br z 
C| -:ÓH 
[n] e 


N-Bromo amide 


R 


THO 
2 Isocyanate 

= 

Base removes а proton from The R— group migrates to the . 

the nitrogen to give a bromo nitrogen as a bromide ion departs. (continued on 

amide anion. This produces an isocyanate. the next page) 
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О О 
T Le 
R-N TOO а R—N^ “0: == n—N^ oF а АМН, + CO, + OH 
290 = 
Isocyanate | Transfer of a proton Amine | 
= leads to а carbamate 
a ion HCO; 


EN 
R—N^ ~Or 


=== у 
The isocyanate undergoes hydrolysis and decarboxylation to produce the amine. 


An examination of the first two steps of this mechanism shows that, initially, two hydro- 
gen atoms must be present on the nitrogen of the amide for the reaction to occur. 
Consequently, the Hofmann rearrangement is limited to amides of the type RCONHs. 


Studies of the Hofmann rearrangement of optically active amides in which the chi- 
rality center is directly attached to the carbonyl group have shown that these reac- 
tions occur with retention of configuration. Thus, the R group migrates to nitrogen 
with its electrons, but without inversion. 


Curtius Rearrangement The Curtius rearrangement is a rearrangement that occurs 
with acyl azides. It resembles the Hofmann rearrangement in that an R— group migrates 
from the acyl carbon to the nitrogen atom as the leaving group departs. In this instance the 
leaving group is Ne (the best of all possible leaving groups since it is highly stable, is vir- 
tually nonbasic, and being a gas, removes itself from the medium). Acyl azides are easily 
prepared by allowing acyl chlorides to react with sodium azide. Heating the acyl azide brings 
about the rearrangement; afterward, adding water causes hydrolysis and decarboxylation 
of the isocyanate: 


9 0 
NaN heat i: . HO 5 
Cog => CA —e R—N=C=0;, —— R—NH, + CO 
R^ “ё: (—NaCl) RNS NEN: (-N,) É 2 2 
Acyl chloride Acyl azide Isocyanate Amine 


Solved Problem 20.5 


The reaction sequence below shows how a methyl group on a benzene ring can be replaced by an amino group. 
Supply the missing reagents and intermediates. 


О 
CH3 NH2 
С (1) KMnO,, ОН”, A B CI C E or 
а — A — — D — 
(2) H,O 


STRATEGY AND ANSWER 

An acid chloride results from treatment of A with B. Therefore, A is likely to be a carboxylic acid, a conclusion 
that is consistent with the oxidizing conditions that led to formation of A from methylbenzene (toluene). B must 
be a reagent that can lead to an acid chloride. Thionyl chloride or РСІ5 would suffice. Overall, C, D, and E involve 
introduction of the nitrogen atom and loss of the carbonyl carbon. This sequence is consistent with preparation of 


an amide followed by a Hofmann rearrangement. . 
(continued on the next page) 
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CO;H 
NH2 
A= or В= 5061 C-NH, D= Е = Br/OH- 


Using a different method for each part, but taking care in each case to select a good method, Review Problem 20.7 
show how each of the following transformations might be accomplished: 


NH2 (d) CH3 NH2 
– „АЈ PEL VS 
СНО сно ON ON 
— 
—_ 
СНО CH3O 


(a) 


20.5 Reactions of Amines 


We have encountered a number of important reactions of amines in earlier sections. In 
Section 20.3 we saw reactions in which primary, secondary, and tertiary amines act as 
bases. In Section 20.4 we saw their reactions as nucleophiles in alkylation reactions, 
and in Chapter 17 as nucleophiles in acylation reactions. In Chapter 15 we saw that 
an amino group on an aromatic ring acts as a powerful activating group and as an 
ortho—para director. 

The feature of amines that underlies all of these reactions and that forms a basis for 
our understanding of most of the chemistry of amines is the ability of nitrogen to share 
an electron pair: 


Acid-Base Reactions 
Nob 
—N-—H + :A- 
4 
An amine acting as a base 

Alkylation 

b: NN. 

JN “+ вен Ве + —N—CHR + Br 


An amine acting as a nucleophile in an alkylation reaction 
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Acylation 
O O 
А ? | 
^ Ses 
N: до CoD == ес. ===> и ов 
4 | I? pH g 
H 
H CI 


An amine acting as a nucleophile in an acylation reaction 


In the preceding examples the amine acts as a nucleophile by donating its electron pair 
to an electrophilic reagent. In the following example, resonance contributions involving the 
nitrogen electron pair make carbon atoms nucleophilic: 


Electrophilic Aromatic Substitution 


H_ ... H H, +H H.-H 
WT ES 7 A: ^N 
ЕА H E 
E -HA 
H. ...-H H +H H. .. 2н 
“у ^87 ый 

АЕ al WE E 

The amino group acting as an activating group and as an ortho-para 
director in electrophilic aromatic substitution 
Review Problem 20.8 Review the chemistry of amines given in earlier sections and provide a specific example 


for each of the previously illustrated reactions. 


20.5A Oxidation of Amines 


Primary and secondary aliphatic amines are subject to oxidation, although in most instances 
useful products are not obtained. Complicated side reactions often occur, causing the for- 
mation of complex mixtures. 

Tertiary amines can be oxidized cleanly to tertiary amine oxides. This transformation 
can be brought about by using hydrogen peroxide or a peroxy acid: 


о 


I 
H,O, or RCOOH 


zs .. 
RN—O:- 
A tertiary amine 
oxide 


R4N: 


Tertiary amine oxides undergo a useful elimination reaction to be discussed in Section 
20.12B. 

Arylamines are very easily oxidized by a variety of reagents, including the oxygen in 
air. Oxidation is not confined to the amino group but also occurs in the ring. (The amino 
group through its electron-donating ability makes the ring electron rich and hence espe- 
cially susceptible to oxidation.) The oxidation of other functional groups on an aromatic 
ring cannot usually be accomplished when an amino group is present on the ring, because 
oxidation of the ring takes place first. 


7 
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20.6 Reactions of Amines with Nitrous Acid 


Nitrous acid (HONO) is a weak, unstable acid. It is always prepared in situ, usually by treat- 
ing sodium nitrite (NaNO;) with an aqueous solution of a strong acid: 


HCl(ag) F NaNO»(g = HONO (ад) + NaCliag) 
HS0; + 2 NaNO»(g — 2 НОМО (ад) + Na?SO4(ag 


Nitrous acid reacts with all classes of amines. The products that we obtain from these 
reactions depend on whether the amine is primary, secondary, or tertiary and whether the 
amine is aliphatic or aromatic. 


20.6A Reactions of Primary Aliphatic Amines 
with Nitrous Acid 


Primary aliphatic amines react with nitrous acid through a reaction called diazotization to 
yield highly unstable aliphatic diazonium salts. Even at low temperatures, aliphatic dia- 
zonium salts decompose spontaneously by losing nitrogen to form carbocations. The car- 
bocations go on to produce mixtures of alkenes, alcohols, and alkyl halides by removal of 
a proton, reaction with H2O, and reaction with X : 


General Reaction 
(HONO) TERR Е 
R—NH, + NaNO, + 2 НХ — 5? [RN NN: x] + мах + 2 H,O 
2 
1? Aliphatic Aliphatic diazonium salt 
amine (highly unstable) 


| =N, (е.,М==М:) 


Rt + Х- 


| 


Alkenes, alcohols, alkyl halides 


Diazotizations of primary aliphatic amines are of little synthetic importance because they 
yield such a complex mixture of products. Diazotizations of primary aliphatic amines are 
used in some analytical procedures, however, because the evolution of nitrogen is quanti- 
tative. They can also be used to generate and thus study the behavior of carbocations in 
water, acetic acid, and other solvents. 


20.6B Reactions of Primary Arylamines with Nitrous Acid 


The most important reaction of amines with nitrous acid, by far, is the reaction of primary 
arylamines. We shall see why in Section 20.7. Primary arylamines react with nitrous acid 
to give arenediazonium salts. Even though arenediazonium salts are unstable, they are still 
far more stable than aliphatic diazonium salts; they do not decompose at an appreciable 
rate in solution when the temperature of the reaction mixture is kept below 5°C: 


+ = 
Ar—NH + NaNO, + 2HX > Ar—N=N: X + NaX + 2 ЊО 
Primary arylamine Arenediazonium salt 
(stable if kept 
below 5°C) 


Helpful Hin: 


Primary arylamines can be con- 


Diazotization of a primary amine takes place through a series of steps. In the presence of 
strong acid, nitrous acid dissociates to produce *NO ions. These ions then react with the i ми 

А fth elot table Niit um и int diate. Thi verted to aryl halides, nitriles, and 
nitrogen of the amine to form an unstable N-nitrosoaminium ion as an intermediate. This phenols via aryl diazonium ions 
intermediate then loses a proton to form an N-nitrosoamine, which, in turn, tautomerizes (Section 20.7). 
to a diazohydroxide in a reaction that is similar to keto—enol tautomerization. Then, in the 
presence of acid, the diazohydroxide loses water to form the diazonium ion. 
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A MECHANISM FOR THE REACTION 


Diazotization 


=: а 
HONO + НО" + A> === H,Q'-NO + HO == 260 + N=O 


| ӧн 

c Re —H.O+* ЭА са 5 
Ar-N/ бео => ar No 2 а mE. 

H H H Su CR 
1? Arylamine N-Nitroso- N-Nitrosoamine 
(or alkylamine) aminium 
ion 
IMS - NS a +HA nv a(t: 
АГ— Но НА Ar —N=N— OH A NEN On = 
| U^ H Diazohydroxide 


2 ate 
Ar—N=N:<—> Ar—N=N + H,O 
RZ 


_ __________--______ 
Diazonium ion 


Diazotization reactions of primary arylamines are of considerable synthetic importance 


because the diazonium group, — N =N: can be replaced by a variety of other functional 
groups. We shall examine these reactions in Section 20.7. 


THE CHEMIS 


N-Nitrosoamines 


N-Nitrosoamines are very powerful carcinogens which sci- 
entists fear may be present in many foods, especially in 
cooked meats that have been cured with sodium nitrite. 

Sodium nitrite is added to many meats (e.g., bacon, ham, 
frankfurters, sausages, and corned beef) to inhibit the 
growth of Clostridium botulinum (the bacterium that pro- 
duces botulinus toxin) and to keep red meats from turning 
brown. (Food poisoning by botulinus toxin is often fatal.) In 
the presence of acid or under the influence of heat, sodium 
nitrite reacts with amines always present in the meat to pro- 
duce N-nitrosoamines. Cooked bacon, for example, has 
been shown to contain N-nitrosodimethylamine and N- 
nitrosopyrrolidine. 

There is also concern that nitrites from food may produce 
nitrosoamines when they react with amines in the presence 
of the acid found in the stomach. In 1976, the FDA reduced 
the permissible amount of nitrite allowed in cured meats 
from 200 parts per million (ppm) to 50-125 ppm. Nitrites 
(and nitrates that can be converted to nitrites by bacteria) 
also occur naturally in many foods. 


Cigarette smoke is known to contain N-nitrosodimethyl- 
amine. Someone smoking a pack of cigarettes a day inhales 
about 0.8 ug of N-nitrosodimethylamine, and even more has 
been shown to be present in the sidestream smoke. 


МОРИС LL 


BONELESS + COOKED 


WITH NATURAL JUICES 


JELATIN АООЕС 


A processed food preserved with sodium nitrite. 
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20.6C Reactions of Secondary Amines with Nitrous Acid 


Secondary amines—both aryl and alkyl—react with nitrous acid to yield N-nitrosoamines. 
N-Nitrosoamines usually separate from the reaction mixture as oily yellow liquids: 


Specific Examples 


(CH)ÑH + HCl + Мамо, SO, (CH) Ñ—Ñ=0 
2 
Dimethylamine N-Nitrosodimethylamine 
(a yellow oil) 
p. №0 
MEX + HCl + Мамо, “OX, N 
CH, ° CH, 
N-Methylaniline N-Nitroso-N-methylaniline 
(87-93%) 
(a yellow oil) 


20.6D Reactions of Tertiary Amines with Nitrous Acid 


When a tertiary aliphatic amine is mixed with nitrous acid, an equilibrium is established 
among the tertiary amine, its salt, and an N-nitrosoammonium compound: 


+ = а 

2R3N: + HX + NaNO. = R3NHX + RsSN—N-—OX- 

Tertiary aliphatic Amine salt N-Nitrosoammonium 
amine compound 


Although N-nitrosoammonium compounds are stable at low temperatures, at higher tem- 
peratures and in aqueous acid they decompose to produce aldehydes or ketones. These reac- 
tions are of little synthetic importance, however. 

Tertiary arylamines react with nitrous acid to form C-nitroso aromatic compounds. 
Nitrosation takes place almost exclusively at the para position if it is open and, if not, at 
the ortho position. The reaction (see Review Problem 20.9) is another example of elec- 
trophilic aromatic substitution. 


Specific Example 
CH; — 


E N 
AA ) + HCl + NaNO, Gog? Ñ 0-00 
CH, CH, 


p-Nitroso-N,N-dimethylaniline 
(80-90%) 


Para-nitrosation of N,N-dimethylaniline (C-nitrosation) is believed to take place through Review Problem 20.9 
an electrophilic attack by No ions. (a) Show how NO ions might be formed in an aqueous 

solution of NaNO% and HCl. (b) Write a mechanism for p-nitrosation of N,N-dimethylani- 

line. (c) Tertiary aromatic amines and phenols undergo C-nitrosation reactions, whereas 

most other benzene derivatives do not. How can you account for this difference? 


20.7 Replacement Reactions of Arenediazonium Salts 


9 Arenediazonium salts are highly useful intermediates in the synthesis of aromatic 
compounds, because the diazonium group can be replaced by any one of a number 
of other atoms or groups, including —F, —Cl, —Br, —l, —CN, —OH, and —H. 


Diazonium salts are almost always prepared by diazotizing primary aromatic amines. 
Primary arylamines can be synthesized through reduction of nitro compounds that are read- 
ily available through direct nitration reactions. 
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20.7A Syntheses Using Diazonium Salts 


Most arenediazonium salts are unstable at temperatures above 5—10°C, and many explode 
when dry. Fortunately, however, most of the replacement reactions of diazonium salts do 
not require their isolation. We simply add another reagent (CuCl, CuBr, KI, etc.) to the mix- 
ture, gently warm the solution, and the replacement (accompanied by the evolution of nitro- 
gen) takes place: 


Cu,O, Cu?*, H,O 


Ar— OH 

CuCl Ar—Cl 
CuBr Ar—Br 

HON + N 
Ar—NH, 050. Ar—N, a Ar—CN 
Arenediazonium 

salt HE Ar—I 

(1) HBF, _ 

(2) heat CMT 

H,PO,, H,O Ar—H 


Only in the replacement of the diazonium group by —F need we isolate a diazonium 
salt. We do this by adding HBF, to the mixture, causing the sparingly soluble and reason- 
ably stable arenediazonium fluoroborate, ArN2* BF, , to precipitate. 


20.7B The Sandmeyer Reaction: Replacement of 
the Diazonium Group by —CI, —Br, or —CN 


Arenediazonium salts react with cuprous chloride, cuprous bromide, and cuprous cyanide 
to give products in which the diazonium group has been replaced by —Cl, —Br, and 
— СМ, respectively. These reactions are known generally as Sandmeyer reactions. Several 
specific examples follow. The mechanisms of these replacement reactions are not fully 
understood; the reactions appear to be radical in nature, not ionic. 


Hs CH; 


N,CI- CI 
HCI, HCI, Nanos, CuCl LN 
15-60°C 2 
ies c 


o-Toluidine o-Chlorotoluene 
(74-79% overall) 


T 
N, Вг- Br 
———- n CuBr +N 
100C a 
(0— o 
CI 
NO, 


CI 


m-Bromochlorobenzene 
(70% overall) 


mc ЕТУИ 
NO, 


+ 
N, CI- CN 
HCI, NaNO, , —— CuCN +N 
90-100C E 
ан ) 


o-Nitroaniline o-Nitrobenzonitrile 
(65% overall) 


20.7 Replacement Reactions of Arenediazonium Salts 


20.7C Replacement by —1 


Arenediazonium salts react with potassium iodide to give products in which the diazonium 


group has been replaced by —1. An example is the synthesis of p-iodonitrobenzene: 
NO, NO, NO, 
H,SO,, NaNO, KI 
——— — 
H,O To Mi 
0-5°C 
NH, N,* HSO,- l 
p-Nitroaniline p-lodonitrobenzene 


(81% overall) 


20.7D Replacement by —F 


The diazonium group can be replaced by fluorine by treating the diazonium salt with flu- 
oroboric acid (HBF 4). The diazonium fluoroborate that precipitates is isolated, dried, and 
heated until decomposition occurs. An aryl fluoride is produced: 


CH, CH, CH, 
(1) HONO, H+ 
(2) HBF, heat + № 
NH, №, BF, F 
m-Toluidine m-Toluenediazonium m-Fluorotoluene 
fluoroborate (69%) 
(79%) 


20.7E Replacement by —OH 


The diazonium group can be replaced by a hydroxyl group by adding cuprous oxide to a 
dilute solution of the diazonium salt containing a large excess of cupric nitrate: 


= =“ HSO > CHs (S OH 


p-Toluenediazonium p-Cresol 
hydrogen sulfate (93%) 


This variation of the Sandmeyer reaction (developed by T. Cohen, University of Pittsburgh) 
is amuch simpler and safer procedure than an older method for phenol preparation, which 
required heating the diazonium salt with concentrated aqueous acid. 


In the preceding examples of diazonium reactions, we have illustrated syntheses beginning 
with the compounds (a)—(d) here. Show how you might prepare each of the following com- 
pounds from benzene: 


(a) m-Chloroaniline (b) m-Bromoaniline (c) o-Nitroaniline (d) p-Nitroaniline 


20.7F Replacement by Hydrogen: Deamination by 
Diazotization 


Arenediazonium salts react with hypophosphorous acid (H3PO») to yield products in which 
the diazonium group has been replaced by —H. 

Since we usually begin a synthesis using diazonium salts by nitrating an aromatic com- 
pound, that is, replacing —H by — NO, and then by — NH», it may seem strange that we 
would ever want to replace a diazonium group by —H. However, replacement of the dia- 
zonium group by —H can be a useful reaction. We can introduce an amino group into an 
aromatic ring to influence the orientation of a subsequent reaction. Later we can remove 
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BF, 


Review Problem 20.10 
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the amino group (1.е., carry out a deamination) by diazotizing it and treating the diazonium 
salt with НАРО;2. 

We can see an example of the usefulness of a deamination reaction in the following syn- 
thesis of m-bromotoluene. 


H3 о CH, CH, 
(2, (1) Br, H,SO,, NaNO, 
(2) ОН, ЊО H,O 
heat Br 0-5°C 
NH, HN NH, 
p-Toluidine Y 65% (from p-toluidine) 
CH, CH, 
H,PO, 
но "OT 
Br 25°C Br 
№,+ 


m-Bromotoluene 
(85% from 2-bromo-4- 
methylaniline) 


We cannot prepare m-bromotoluene by direct bromination of toluene or by a Friedel-Crafts 
alkylation of bromobenzene because both reactions give o- and p-bromotoluene. (Both 
CH3— and Br— are ortho-para directors.) However, if we begin with p-toluidine (pre- 
pared by nitrating toluene, separating the para isomer, and reducing the nitro group), we 
can carry out the sequence of reactions shown and obtain m-bromotoluene in good yield. 
The first step, synthesis of the N-acetyl derivative of p-toluidine, is done to reduce the acti- 
vating effect of the amino group. (Otherwise both ortho positions would be brominated.) 
Later, the acetyl group is removed by hydrolysis. 


Suggest how you might modify the preceding synthesis in order to prepare 3,5-dibromotoluene. 


STRATEGY AND ANSWER An amino group is a stronger activating group than an amido group. If we brominate 
directly with the amino group present, rather than after converting the amine to an amide, we can brominate both 
ortho positions. We must also be sure to provide sufficient bromine. 


Qi REESE, excess) 


Review Problem 20.11 


Review Problem 20.12 


CH3 
NaNO,, HO" H E 5 ees 
H,O (0-5°C) 20 (0-5°C 
Br Br 


(a) In Section 20.7D we showed a synthesis of m-fluorotoluene starting with m-toluidine. 
How would you prepare m-toluidine from toluene? (b) How would you prepare m-chloro- 
toluene? (c) m-Bromotoluene? (d) m-Iodotoluene? (e) m-Tolunitrile (m-CH3CgH,CN)? (f) 
m-Toluic acid? 


Starting with p-nitroaniline [Review Problem 20.10 (d)], show how you might synthesize 
1,2,3-tribromobenzene. 


mu 
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20.8 Coupling Reactions of Arenediazonium Salts 
Arenediazonium ions are weak electrophiles; they react with highly reactive aromatic com- 
pounds— with phenols and tertiary arylamines—to yield azo compounds. This electrophilic 
aromatic substitution is often called a diazo coupling reaction. 
General Reaction 
+ 
pr р |. 
B са 


= —NR, or — 


An azo compound 
Specific Examples 


OH 
N 
Qe Ome О 


Benzenediazonium Phenol p-(Phenylazo)phenol 
chloride (orange solid) 


N(CH,), 
N 


ў 
оно" Na СО“ Ма" 
H,O 
Benzenediazonium N, N-Dimethylaniline N,N-Dimethyl-p-(phenylazoJaniline 
chloride (yellow solid) 


Couplings between arenediazonium cations and phenols take place most rapidly in 
slightly alkaline solution. Under these conditions an appreciable amount of the phenol is 
present as a phenoxide ion, ArO  , and phenoxide ions are even more reactive toward elec- 
trophilic substitution than are phenols themselves. (Why?) If the solution is too alkaline 
(pH > 10), however, the arenediazonium salt itself reacts with hydroxide ion to form a rel- 
atively unreactive diazohydroxide or diazotate ion: 


:OH ir 
OH- 
HA 
Phenol Phenoxide ion 
(couples slowly) (couples rapidly) 
+ OH- oh ds OH- ae ae 
Ar—N=N: Ar—N=N—OH Ar—N=N—O: 
HA HA T 
Arenediazonium Diazohydroxide Diazotate ion 


ion (couples) (does not couple) (does not couple) 


942 


Review Problem 20.13 
Review Problem 20.14 


Chapter 20 Amines 


Couplings between arenediazonium cations and amines take place most rapidly in 
slightly acidic solutions (pH 5-7). Under these conditions the concentration of the arene- 
diazonium cation is at a maximum; at the same time an excessive amount of the amine has 
not been converted to an unreactive aminium salt: 


:NR, HNR, 
HA 
он“ 
Amine Aminium salt 
(couples) (does not couple) 


If the pH of the solution is lower than 5, the rate of amine coupling is low. 
With phenols and aniline derivatives, coupling takes place almost exclusively at the para 
position if it is open. If it is not, coupling takes place at the ortho position. 


4-Methylphenol 4-Methyl-2-(phenylazo)phenol 
(p-cresol) 


Azo compounds are usually intensely colored because the azo (diazenediyl) linkage, 
—N=N—, brings the two aromatic rings into conjugation. This gives an extended sys- 
tem of delocalized т electrons and allows absorption of light in the visible region. Azo com- 
pounds, because of their intense colors and because they can be synthesized from relatively 
inexpensive compounds, are used extensively as dyes. 

Azo dyes almost always contain опе or more —SO3 Ма“ groups to confer water sol- 
ubility on the dye and assist in binding the dye to the surfaces of polar fibers (wool, cot- 
ton, or nylon). Many dyes are made by coupling reactions of naphthylamines and naphthols. 

Orange II, a dye introduced in 1876, is made from 2-naphthol: 


ré d Na* 
n 


Orange Il 


Outline a synthesis of orange II from 2-naphthol and p-aminobenzenesulfonic acid. 


Butter yellow is a dye once used to color margarine. М(СН,), 
It has since been shown to be carcinogenic, and its 
use in food is no longer permitted. Outline a syn- Nw 
thesis of butter yellow from benzene and N,N- N 
dimethylaniline. 

Butter yellow 


20.9 Reactions of Amines with Sulfonyl Chlorides 


Azo compounds can be reduced to amines by a variety of reagents including stannous chlo- 
ride (SnClo): 


| 
Ar—N=N—Ar 705. АЖЊ, + АРМЊ, 


This reduction can be useful in synthesis as the following example shows: 


(1) HONO, H4O* A 
—————— 
(2) phenol, ОН“ 


NaOH, CH,CH,Br 
a 


4-Ethoxyaniline (C44Hy4N20>) 


SnCl 
В (CigHigN202) ——> 


acetic anhydride 
two molar equivalents of C (CgH41NO) = phenacetin (С: он 3 МО) 


Give a structure for phenacetin and for the intermediates A, B, and С. (Phenacetin, for- 
merly used as an analgesic, is also the subject of Problem 17.45.) 
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20.9 Reactions of Amines with Sulfonyl Chlorides 


Primary and secondary amines react with sulfonyl chlorides to form sulfonamides: 


| | | | 
R—N—H + TOM her EN, d 
1? Amine Sulfonyl N-Substituted 
chloride sulfonamide 
| | B 
R—N—H + ol, me нег" eh а 
о 
2° Атіпе N,N-Disubstituted 


sulfonamide 


When heated with aqueous acid, sulfonamides are hydrolyzed to amines: 


| + | | 
R-N-S—Ar Dec» R—N—H + 0—88 


This hydrolysis is much slower, however, than hydrolysis of carboxamides. 


20.9A The Hinsberg Test 


€ Sulfonamide formation is the basis for a chemical test, called the Hinsberg test, that 
can be used to demonstrate whether an amine is primary, secondary, or tertiary. 


A Hinsberg test involves two steps. First, a mixture containing a small amount of the amine 
and benzenesulfonyl chloride is shaken with excess potassium hydroxide. Next, after allow- 
ing time for a reaction to take place, the mixture is acidified. Each type of amine— primary, 
secondary, or tertiary— gives a different set of visible results after each of these two stages 
of the test. 

Primary amines react with benzenesulfonyl chloride to form N-substituted benzenesulf- 
onamides. These, in turn, undergo acid—base reactions with the excess potassium hydrox- 
ide to form water-soluble potassium salts. (These reactions take place because the hydrogen 
attached to nitrogen is made acidic by the strongly electron-withdrawing — 02 — group.) 
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At this stage our test tube contains a clear solution. Acidification of this solution will, in 
the next stage, cause the water-insoluble N-substituted sulfonamide to precipitate: 


Acidic 
g^ hydrogen 
H O H о 
| | OH- | | 
R—N—H + CI—S UN R—N—S 
| | РУМ “| 
О О 
1° Amine 
| 
i 7 t] 
R— N -$ HCI R Ñ -$ 
O O 
Water insoluble Water-soluble salt 
(precipitate) (clear solution) 


Secondary amines react with benzenesulfonyl chloride in aqueous potassium hydroxide 
to form insoluble N,N-disubstituted sulfonamides that precipitate after the first stage. N,N- 
Disubstituted sulfonamides do not dissolve in aqueous potassium hydroxide because they 
do not have an acidic hydrogen. Acidification of the mixture obtained from a secondary 
amine produces no visible result; the nonbasic N,N-disubstituted sulfonamide remains as 
a precipitate and no new precipitate forms: 


R' O R’ О 
ae E ИН Е. 
pom m ose cet 0T] 

O O 


Water insoluble 
(precipitate) 


If the amine is a tertiary amine and if it is water insoluble, no apparent change will take 
place in the mixture as we shake it with benzenesulfonyl chloride and aqueous KOH. When 
we acidify the mixture, the tertiary amine dissolves because it forms a water-soluble salt. 


Review Problem 20.16 An amine A has the molecular formula C7HgN. Compound A reacts with benzenesulfonyl 
chloride in aqueous potassium hydroxide to give a clear solution; acidification of the solu- 
tion gives a precipitate. When A is treated with NaNO, and HCI at 0—5?C, and then with 
2-naphthol, an intensely colored compound is formed. Compound A gives a single strong 
IR absorption peak at 815 ст“ !. What is the structure of A? 


Review Problem 20.17 Sulfonamides of primary amines are often used to synthesize pure secondary amines. 
Suggest how this synthesis is carried out. 


THE CHEMISTRY OF... 


Chemotherapy and Sulfa Drugs 


Chemotherapy 
Chemotherapy is defined as the use of chemical agents modern phenomenon. Before 1900 only three specific 
selectively to destroy infectious cells without simultaneously chemical remedies were known: mercury (for syphilis—but 


destroying the host. Although it may be difficult to believe often with disastrous results), cinchona bark (for malaria), and 
(in this age of "wonder drugs"), chemotherapy is a relatively ipecacuanha (for dysentery). 


Paul Ehrlich's work 
in chemotherapy 
led to his sharing 


one-half of the 1908 


20.9 Reactions of Amines with Sulfonyl Chlorides 


Modern | chemotherapy 
began with the work of Paul 
Ehrlich early in the twentieth 


Gerhard Domagk won 
the 1939 Nobel Prize 
in Physiology or 


Medicine for discovering the 


Т0 N 


at 


~ 945 


a search for such "magic bul- 
lets." Very few compounds, 
however, were found to have 


Nobel Prize in Physiology 
or Medicine with Ilya 
Mechnikov. 


century—particularly with his 
discovery in 1907 of the cura- 
tive properties of a dye called 
trypan red | when used against experimental trypanosomia- 
sis and with his discovery in 1909 of salvarsan as a remedy for 
syphilis. Ehrlich was awarded one-half of the Nobel Prize in 
Physiology or Medicine in 1908. He invented the term 
"chemotherapy," and in his research he sought what he called 
"magic bullets," that is, chemicals that would be toxic to 
infectious microorganisms but harmless to humans. 

As a medical student, Ehrlich had been impressed with the 
ability of certain dyes to stain tissues selectively. Working on 
the idea that "staining" was a result of a chemical reaction 
between the tissue and the dye, Ehrlich sought dyes with 
selective affinities for microorganisms. He hoped that in this 
way he might find a dye that could be modified so as to ren- 
der it specifically lethal to microorganisms. 


Sulfa Drugs 


Between 1909 and 1935, tens of thousands of chemicals, 
including many dyes, were tested by Ehrlich and others in 


Fourneau's announcement of this result set in motion a 
search for other chemicals (related to sulfanilamide) that 
might have even better chemotherapeutic effects. Literally 
thousands of chemical variations were played on the sul- 
fanilamide theme; the structure of sulfanilamide was varied 
in almost every imaginable way. The best therapeutic results 


О 
OH 
ww NH, 
о 
0=5=0 0=5=0 


| 
нм.“ UN. 
N UR 
XJ 


Succinylsulfathiazole 


antibacterial effects of 


| any promising effect. Then, in 
prontosil. 


1935, an amazing event hap- 
pened. The daughter of Gerhard Domagk, a doctor 
employed by a German dye manufacturer, contracted a 
streptococcal infection from a pin prick. As his daughter 
neared death, Domagk decided to give her an oral dose 
of a dye called prontosil. Prontosil had been developed at 
Domagk’s firm (I. а. Farbenindustrie), and tests with mice 
had shown that prontosil inhibited the growth of strepto- 
cocci. Within a short time the little girl recovered. Domagk's 
gamble not only saved his daughters life, but it also initi- 
ated a new and spectacularly productive phase in modern 
chemotherapy. G. Domagk was awarded the Nobel Prize 
in Physiology or Medicine in 1939 but was unable to accept 
it until 1947. 

In 1936, Ernest Fourneau of the Pasteur Institute in Paris 
demonstrated that prontosil breaks down in the human body 
to produce sulfanilamide, and that sulfanilamide is the actual 
active agent against streptococci. Prontosil, therefore, is a 
prodrug because it is converted to the active compound 
in vivo. 


Sulfanilamide 


were obtained from compounds in which one hydrogen of 
the — 50»МН2 group was replaced by some other group, 
usually a heterocyclic ring (shown in blue in the following 
structures). Among the most successful variations were the 
following compounds. Sulfanilamide itself is too toxic for 
general use. 


NS 
d О 


Sulfapyridine Sulfamethoxazole 


Sulfathiazole 


Sulfacetamide 
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Sulfapyridine was shown to be effective against pneumonia in 1938. (Before that time pneumonia epidemics had brought 
death to tens of thousands.) Sulfacetamide was first used successfully in treating urinary tract infections in 1941. 
Succinoylsulfathiazole and the related compound phthalylsulfathiazole were used as chemotherapeutic agents against infec- 
tions of the gastrointestinal tract beginning in 1942. (Both compounds are slowly hydrolyzed internally to sulfathiazole.) 
Sulfathiazole saved the lives of countless wounded soldiers during World War II. 

In 1940 a discovery by D. D. Woods laid the groundwork for our understanding of how the sulfa drugs work. Woods 
observed that the inhibition of growth of certain microorganisms by sulfanilamide is competitively overcome by 
p-aminobenzoic acid. Woods noticed the structural similarity between the two compounds (Fig. 20.4) and reasoned that the 
two compounds compete with each other in some essential metabolic process. 


Essential Nutrients and Antimetabolites 


All higher animals and many microorganisms lack the biochemical ability to synthesize certain essential organic compounds. 
These essential nutrients include vitamins, certain amino acids, unsaturated carboxylic acids, purines, and pyrimidines. The aro- 
matic amine p-aminobenzoic acid is an essential nutrient for those bacteria that are sensitive to sulfanilamide therapy. Enzymes 
within these bacteria use p-aminobenzoic acid to synthesize another essential compound called folic acid: 


H Н ——4 H H OH 
NN ~ 7 
N N N= 
HaN—{ N 
| ВУ ДЕ fe 
6.7 À 6.9 À 
N= N 
C 0—S— i pU 
H о *o H | 2 E \ 
i um RNH 
1 якн | === 
2.3 À 24À HO HO 
p-Aminobenzoic acid A sulfanilamide 


Folic acid 


Figure 20.4 The structural similarity of p-aminobenzoic acid and a sulfanilamide. (Reprinted with permission of 
John Wiley and Sons, Inc. from Korolkovas, Essentials of Molecular Pharmacology, Copyright 1970.) 


Chemicals that inhibit the growth of microbes are called antimetabolites. The sulfanilamides are antimetabolites for 
those bacteria that require p-aminobenzoic acid. The sulfanilamides apparently inhibit those enzymatic steps of the bac- 
teria that are involved in the synthesis of folic acid. The bacterial enzymes are apparently unable to distinguish between 
a molecule of a sulfanilamide and a molecule of p-aminobenzoic acid; thus, sulfanilamide inhibits the bacterial enzyme. 
Because the microorganism is unable to synthesize enough folic acid when sulfanilamide is present, it dies. Humans are 
unaffected by sulfanilamide therapy because we derive our folic acid from dietary sources (folic acid is a vitamin) and do 
not synthesize it from p-aminobenzoic acid. 

The discovery of the mode of action of the sulfanilamides has led to the development of many new and effective 
antimetabolites. One example is methotrexate, a derivative of folic acid that has been used successfully in treating certain 
carcinomas as well as rheumatoid arthritis: 


МН» 
N— 
HaN—{ N 
№ / 7 fe 
N= N 
СН; NH 
o Б 
л. 
HO HO 
Methotrexate 


Methotrexate, by virtue of its resemblance to folic acid, can enter into some of the same reactions as folic acid, but it can- 
not serve the same function, particularly in important reactions involved in cell division. Although methotrexate is toxic to 
all dividing cells, those cells that divide most rapidly—cancer cells—are most vulnerable to its effect. 
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20.10 Synthesis of Sulfa Drugs 


Sulfanilamides can be synthesized from aniline through the following sequence of reactions: 


"AR m3 M 
p _2HOSO,CI , H,N—R 


— ———— 
^ 806 ^ (—-HCI) 
(-ЊО) 
50,С! 
Aniline Acetanilide p-Acetamidobenzene- 
(1) (2) sulfonyl chloride 
(3) 


о 
a NH, 


(1) dilute HCI 
——————— 
heat 
(2) HCO; 
SO,NHR SO,NHR 
(4) A sulfanilamide 


(5) 


Acetylation of aniline produces acetanilide (2) and protects the amino group from the 
reagent to be used next. Treatment of 2 with chlorosulfonic acid brings about an electrophilic 
aromatic substitution reaction and yields p-acetamidobenzenesulfonyl chloride (3). 
Addition of ammonia or a primary amine gives the diamide, 4 (an amide of both a carboxylic 
acid and a sulfonic acid). Finally, refluxing 4 with dilute hydrochloric acid selectively 
hydrolyzes the carboxamide linkage and produces a sulfanilamide. (Hydrolysis of carbox- 
amides is much more rapid than that of sulfonamides.) 


(a) Starting with aniline and assuming that you have 2-aminothiazole HoN N Review Problem 20.18 
. : : 2 

available, show how you would synthesize sulfathiazole. (b) How 12 

would you convert sulfathiazole to succinylsulfathiazole? / 


2-Aminothiazole 


20.11 Analysis of Amines 


20.11A Chemical Analysis 


Amines are characterized by their basicity and, thus, by their ability to dissolve in dilute 
aqueous acid (Sections 20.3A, 20.3E). Moist pH paper can be used to test for the presence 
of an amine functional group in an unknown compound. If the compound is an amine, the 
pH paper shows the presence of a base. The unknown amine can then readily be classified 
as 1°, 2°, or 3° by IR spectroscopy (see below). Primary, secondary, and tertiary amines 
can also be distinguished from each other on the basis of the Hinsberg test (Section 20.9A). 
Primary aromatic amines are often detected through diazonium salt formation and subse- 
quent coupling with 2-naphthol to form a brightly colored azo dye (Section 20.8). 
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20.11B Spectroscopic Analysis 


Infrared Spectra Primary and secondary amines are characterized by IR absorption 
bands in the 3300-3555-cm ! region that arise from N—H stretching vibrations. Primary 
amines give two bands in this region (see Fig. 20.5); secondary amines generally give only 
one. Tertiary amines, because they have no N—H group, do not absorb in this region. 
Absorption bands arising from C—N stretching vibrations of aliphatic amines occur in the 
1020-1220-cm™! region but are usually weak and difficult to identify. Aromatic amines 
generally give a strong C—N stretching band in the 1250—1360-cm ^! region. Figure 20.5 
shows an annotated IR spectrum of 4-methylaniline. 


100 
90 4 
i 1 
80 + . . aromatic 
__1——1— aliphatic сотріпаїйоп 
> 704 aromatic C—H band 
D C—H (stretch) 
8 60 - (stretch) NH, 
5 504 . [J 
E primary N—H C—N 
2 40 5 (asym. and sym. stretch) (stretch) 
F 304 Hs 
eU C—H 
10 | C=-C (ring stretch), (out-of-plane | || 
N—H (bend) ~ bend) 
04 


4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 
Wavenumber (cm!) 


Figure 20.5 Annotated IR spectrum of 4-methylaniline. 


1H NMR Spectra Primary and secondary amines show N—H proton signals in the 
region 6 0.5-5. These signals are usually broad, and their exact position depends on the 
nature of the solvent, the purity of the sample, the concentration, and the temperature. 
Because of proton exchange, N—H protons are not usually coupled to protons on adjacent 
carbons. As such, they are difficult to identify and are best detected by proton counting or 
by adding a small amount of 020 to the sample. Exchange of N— D deuterons for the 
N—H protons takes place, and the N—H signal disappears from the spectrum. 

Protons on the а carbon of an aliphatic amine are deshielded by the electron-withdrawing 
effect of the nitrogen and absorb typically in the 6 2.2-2.9 region; protons on the B carbon 
are not deshielded as much and absorb in the range 6 1.0-1.7. 

Figure 20.6 (next page) shows an annotated 'H NMR spectrum of diisopropylamine. 


13¢ NMR Spectra The a carbon of an aliphatic amine experiences deshielding by the 
electronegative nitrogen, and its absorption is shifted downfield, typically appearing at 6 
30-60. The shift is not as great as for the а carbon of an alcohol (typically 6 50-75), how- 
ever, because nitrogen is less electronegative than oxygen. The downfield shift is even less 
for the B carbon, and so on down the chain, as the chemical shifts of the carbons of pentyl- 
amine show: 


23.0 34.0 NH; 


14:3 29.7 42.5 
1С NMR chemical shifts (5) 
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(a) (a) 
(a) (a) 
(c) Ts fs 
а (b Lb) 
(a) CH CH 
07 0.5 CH; ~ N РА Зен) 
4 9 
Ji. (b) TMS 
(b) 


бн (ppm) 


Figure 20.6 The 300-MHz 'H NMR spectrum of diisopropylamine. Note the integral for the broad 
NH peak at approximately 8 0.7. Vertical expansions are not to scale. 


Mass Spectra of Amines The molecular ion in the mass spectrum of an amine has an 
odd number mass (unless there is an even number of nitrogen atoms in the molecule). The 
peak for the molecular ion is usually strong for aromatic and cyclic aliphatic amines but 
weak for acyclic aliphatic amines. Cleavage between the а and £ carbons of aliphatic amines 
is a common mode of fragmentation. 


20.12 Eliminations Involving Ammonium Compounds 


20.12A The Hofmann Elimination 


All of the eliminations that we have described so far have involved electrically neutral sub- 
strates. However, eliminations are known in which the substrate bears a positive charge. One 
of the most important of these is the E2-type elimination that takes place when a quaternary 
ammonium hydroxide is heated. The products are an alkene, water, and a tertiary amine: 


HOH 
ee CY 
3 


A quaternary Analkene A tertiary 
ammonium hydroxide amine 


This reaction was discovered in 1851 by August W. von Hofmann and has since come to 
bear his name. 

Quaternary ammonium hydroxides can be prepared from quaternary ammonium halides 
in aqueous solution through the use of silver oxide or an ion exchange resin: 


+ + 
Е Ag,O = 


A quaternary ammonium A quaternary ammonium 
halide hydroxide 


Silver halide precipitates from the solution and can be removed by filtration. The quater- 
nary ammonium hydroxide can then be obtained by evaporation of the water. 

Although most eliminations involving neutral substrates tend to follow the Zaitsev rule 
(Section 7.6B), eliminations with charged substrates tend to follow what is called the 
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Hofmann rule and yield mainly the least substituted alkene. We can see an example of this 
behavior if we compare the following reactions: 


8 те AN + МАУ + NaBr + EtOH 
Вг | 75% 25% 

des od ase Oe + МИ + ММе; + H,O 
*NMeg 5% 95% 


The precise mechanistic reasons for these differences are complex and are not yet fully 
understood. One possible explanation is that the transition states of elimination reactions 
with charged substrates have considerable carbanionic character. Therefore, these transi- 
tion states show little resemblance to the final alkene product and are not stabilized appre- 
ciably by a developing double bond: 


..6— ..6— 


HO. HO. 


~ 8- i у 
*NMe3 Bre 


Carbanion-like transition state Alkene-like transition state 
(gives Hofmann orientation) (gives Zaitsev orientation) 


With a charged substrate, the base attacks the most acidic hydrogen instead. A primary hydro- 
gen atom is more acidic because its carbon atom bears only one electron-releasing group. 


20.12B The Cope Elimination 


Tertiary amine oxides undergo the elimination of a dialkylhydroxylamine when they are 
heated. The reaction is called the Cope elimination, it is a syn elimination and proceeds 
through a cyclic transition state. 


R SN Me ii Me 
Y Me ewe Re + :0—N 


H 2 oe Me 
A tertiary amine oxide An alkene N,N-Dimethylhydroxylamine 
Tertiary amine oxides are easily prepared by treating tertiary amines with hydrogen per- 


oxide (Section 20.5A). 
The Cope elimination is useful synthetically. Consider the following synthesis of methyl- 


enecyclohexane: 
P 160°C : 
2 zin» ——ә +  (CH,),NOH 
| CH, 
CH, 


20.13 Summary of Preparations and Reactions of Amines 


Preparation of Amines 


1. Gabriel synthesis (discussed in Section 20.4A): 


O O О 
(1) КО H yo" 
1) KOH NH,NH, а 
N— (2) R—X | N— ethanol, Lm d | 
reflux “н 


O O O 
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. By reduction of alkyl azides (discussed in Section 20.4A): 


R—Br NaN, R—N—N-— N Na/alcohol R—NH, 
ethanol or 
LiAIH, 


. By amination of alkyl halides (discussed in Section 20.4A): 
R—Br + NH, — RNH,*Br + R,NH,*Br + R4NH*Br + R,N*Br- 


Jou 
АМН, + R,NH + R,N + R,N*OH- 
(A mixture of products results.) 
(R = а 1° alkyl group) 
. By reduction of nitroarenes (discussed in Section 20.4B): 
H,, catalyst 


Ar—NO, — — 7 ———5 Ar—NH, 
(1) Fe/HCI (2) NaOH 


. By reductive amination (discussed in Section 20.4C): 


н. 2н 
NH N 
——> 1° Amine 
[H] : 
R 
H 
" R"NH : | N И | 
- — но ^ A 2° Amine 
R’ R R 
H 
Aldehyde 
or R” R” 
ketone ом“ 


T P 3? Amine 
R R' 
H 


. By reduction of nitriles, oximes, and amides (discussed in Section 20.4D): 


H 
LiAIH,, E | 
(1) LIAIH,, ELO R N " 1° Amine 


с. (2) H,O еы 


N NH, 
Na/eth 1 
T ethano ~ 
О 
А 


R' 1° Amine 


мо Quee, cu 
R " Е iy 1° Amine 
H 


(0) 
(1) LiAIH,, Et,O rU FE . 
f > o 
P (2) HO R " 2? Amine 


(0) 
, (1) LiAH, Et,O e MER 
M 
pom HO R N 3° Amine 
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7. Through the Hofmann and Curtius rearrangements (discussed in Section 20.4E): 
Hofmann Rearrangement 
О 


Br,, ОН“ 
iF и Zz s R-NH, + CO, 


| 
H 


Curtius Rearrangement 


O 
pu NaN, A (—N,) 


H 
R On (> Reco ===> NH, + CO, 


heat 


Reactions of Amines 


1. As bases (discussed in Section 20.3): 


TN Сҹ |. 

ea + Н—А —> т А- 
В” В” 

(А, В’, and/or В” may be alkyl, Н, or Аг) 


2. Diazotization of 1° arylamines and replacement of, or coupling with, the diazonium 
group (discussed in Sections 20.7 and 20.8): 


Cu,O, Cu?*, H,O 
—— 


Ar—OH 
CuCl Ar—Cl 
= Ar—Br 
Ar—NH, HONS, ar—n,— to" o ar—en 
mE o Ar—| 
1) HBF 
+ m а ји: 
H,PO,, H;O Ar—H 


Q 

Q oe 

«OA 

ON 
Q = NR, or OH 

3. Conversion to sulfonamides (discussed in Section 20.9): 


R’ во 
(1) ArSO,CI, OH- | | | ArSO,Cl, OH- | | 


H (2) HCI > R—N—S—Ar R—N—H > R—N—S—Ar 
о о 
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4. Conversion to amides (discussed in Section 17.8): 


о 
1 "T | i 2 I i 
R—N—H === ae + CF R-N-H + —€— F р. 
) : 
Ao CE 
амн 2, NS. * cr 
i 


5. Hofmann and Cope eliminations (discussed in Section 20.12): 


Hofmann Elimination 


H 
OH- —— E + H,O + NR 
+ h 2 3 
2. = ) | 


Cope Elimination 


Me 
T4 iminati Ме. .. Me 
+ N e syn — М + s Ñ 


H [о OH 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the L 
accompanying WileyPLUS course (www.wileyplus.com) 


( ЈЕ Ba Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


NOMENCLATURE 
20.19 Write structural formulas for each of the following compounds: 
(a) Benzylmethylamine (k) Dimethylaminium chloride 
(b) Triisopropylamine (1) 2-Methylimidazole 
(c) N-Ethyl-N-methylaniline (m) 3-Aminopropan-1-ol 
(d) m-Toluidine (n) Tetrapropylammonium chloride 
(e) 2-Methylpyrrole (0) Pyrrolidine 
(f) N-Ethylpiperidine (p) N,N-Dimethyl-p-toluidine 
(g) N-Ethylpyridinium bromide (q) 4-Methoxyaniline 
(h) 3-Pyridinecarboxylic acid (r) Tetramethylammonium hydroxide 
(i) Indole (S) p-Aminobenzoic acid 


(j) Acetanilide (t) N-Methylaniline 
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20.20 Give common or systematic names for each of the following compounds: 


(b) H M СУ 
M h 
3 (k) Ч - 
O (8) (^ CH34NH3 CH4CO; 
| PN () HO. ^ „МЊ 


s E d Ји N NH» 
(h) " Е (т) мА“ N 
(d) NH; NH; CI | y 
ot м 
СНз . 
NH» 


(e) 
Ма N 
OCH; он, 


AMINE SYNTHESIS AND REACTIVITY 


20.21 Which is the most basic nitrogen in each compound. Explain your choices. 


l ES 
N | 


N 4 


20.22 Show how you might prepare benzylamine from each of the following compounds: 


(a) CN (c) Benzyl bromide (two ways) 


СУ Benzonitrile (d) Benzyl tosylate 
МН, (е) Benzaldehyde 
(f) Phenylnitromethane 
(b) O T 
Benzylamine | = NH2 А 
Benzamide Phenylacetamide 
МН» Ó 


20.23 Show how you might prepare aniline from each of the following compounds: 
(a) Benzene (b) Bromobenzene (c) Benzamide 

20.24 Show how you might synthesize each of the following compounds from 1-butanol: 
(a) Butylamine (free of 2? and 3? amines) (c) Propylamine 
(b) Pentylamine (d) Butylmethylamine 


20.25 


20.26 


20.27 


20.28 


20.29 


| 
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Show how you might convert aniline into each of the following compounds. (You need not repeat steps carried out 
in earlier parts of this problem.) 


(a) Acetanilide (1) Phenol 
(b) N-Phenylphthalimide (m) Benzene 
(c) p-Nitroaniline (n) 


(f) Fluorobenzene 
(g) Chlorobenzene 
(h) Bromobenzene МСН) 


(i) Iodobenzene 


OH 
(d) Sulfanilamide Ly 
(e) N,N-Dimethylaniline O Nei 
(0) 
(j) Benzonitrile O N Cx 


(k) Benzoic acid 


Provide the major organic product from each of the id^ reactions. 


(a) NH2 
xX (1) cat. HA 
— 
(2) NaBH,CN (1) МОН, cat. HA 
О Q: (NaBHON — 
(b) Br (1) NaCN 
(2) LiAIH, 0 | 
(8) 640" (7) РР 
(2) ПАН, 
(3) H,O* 
(© Br (1) мам, 
(2) ЦАН, 
(3) HO 


What products would you expect to be formed when each of the following amines reacts with aqueous sodium 
nitrite and hydrochloric acid? 

(a) Propylamine (d) N,N-Dipropylaniline 

(b) Dipropylamine (e) p-Propylaniline 

(c) N-Propylaniline 


(a) What products would you expect to be formed when each of the amines in the preceding problem reacts with 
benzenesulfonyl chloride and excess aqueous potassium hydroxide? (b) What would you observe in each reaction? 
(c) What would you observe when the resulting solution or mixture is acidified? 


What product would you expect to obtain from each of the following reactions? 


(a) (^ NaNO,, HCI (b) Cr 


N 
| ад. КОН 
i ђ 

H 
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20.30 Give structures for the products of each of the following reactions: 


(a) O (f) / \ О о 
A A 
CI N T О 
~ ИМА ЕЯ = H 
(b) O O (g) Aniline + propanoyl chloride —> 
H3NHə + A p — heat 
Рама О (h) Tetraethylammonium hydroxide 286, 
СНзМН + à (i) p-Toluidine + Br» (excess) "ho 


(d) Product of (c) — 


(e) O 
| \ F O —> 
N 
И О 


20.31 Starting with benzene ог toluene, ош пе a synthesis of each of the following compounds using diazonium salts as 
intermediates. (You need not repeat syntheses carried out in earlier parts of this problem.) 


(a) p-Fluorotoluene (n) CH, 
(b) o-Iodotoluene 
N 
(c) p-Cresol м2 ТА 
d) m-Dichlorob 
(d) m-Dichlorobenzene OH 
(e) m-CgH4(CN)o 


(f) m-Bromobenzonitrile (0) CH, OH 
(g) 1,3-Dibromo-5-nitrobenzene G N 

(h) 3,5-Dibromoaniline ма 

(1) 3,4,5- Tribromophenol C 
(j) 3,4,5-Tribromobenzonitrile 


CH, 
(k) 2,6-Dibromobenzoic acid 
(D 1,3-Dibromo-2-iodobenzene 
(m) 
CH, Br 
CN 
20.32 Write equations for simple chemical tests that would distinguish between 
(a) Benzylamine and benzamide (f) Cyclohexylamine and aniline 
(b) Allylamine and propylamine (g) Triethylamine and diethylamine 
(c) p-Toluidine and N-methylaniline (h) Tripropylaminium chloride and tetrapropylammonium chloride 
(d) Cyclohexylamine and piperidine (i) Tetrapropylammonium chloride and tetrapropylammonium 
(e) Pyridine and benzene hydroxide 


20.33 Describe with equations how you might separate a mixture of aniline, p-cresol, benzoic acid, and toluene using 
ordinary laboratory reagents. 
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MECHANISMS 


20.34 Using reactions that we have studied in this chapter, propose a mechanism that accounts for the following reaction: 


| | 


20.35 Provide a detailed mechanism for each of the following reactions. 


(a) О 
МН» 
NH2 вг, NaOH, H,O O 
> 


М 


(b) О 


2 
МН, РОС, 
—— 


20.36 Suggest an experiment to test the proposition that the Hofmann reaction is an intramolecular rearrangement, that 
is, one in which the migrating R group never fully separates from the amide molecule. 


GENERAL SYNTHESIS 


20.37 Show how you might synthesize B-aminopropionic acid from succinic anhydride. (B-Aminopropionic acid is used 
in the synthesis of pantothenic acid, a precursor of coenzyme A.) 


" O 
ies ale о 9 
H3N (од pu 
B-Aminopropanoic acid Succinic anhydride 


20.38 Show how you might synthesize each of the following from the compounds indicated and any other needed reagents: 
(a) Мезм“ N*Mes 2Br from 1,10-decanediol 
pr^ 


(b) Succinylcholine bromide (see “The Chemistry of... Biologically Important Amines” in Section 20.3) from 
succinic acid, 2-bromoethanol, and trimethylamine 


20.39 A commercial synthesis of folic acid consists of heating the following three compounds with aqueous sodium 


bicarbonate. Propose reasonable mechanisms for the reactions that lead to folic acid. Hint: The first step involves 
formation of an imine between the lower right NH2 group of the heterocyclic amine and the ketone. 


О 
"y" 6 Вг NH 
О = 
+ + 
TT NH2 Br \ уо 


|ноо,, H,O 


Folic acid 
(~10%) 
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Give structures for compounds R-W: 


—H 
N-Methylpiperidine IM. д (C7H16NI) > S (C7H17NO) : = 


T (CzH45N) SM, U (CsHigNI) M У (CagH49NO) Fear W (CsHg) + H20 + (CH3)3N 


Outline a synthesis of acetylcholine iodide ЕТ dimethylamine, oxirane, О 
iodomethane, and acetyl chloride as starting materials. + 
Gs ME 


Acetylcholine iodide 
Ethanolamine, HOCH2CH5NH^», and diethanolamine, (HOCH2CH5)2NH, are used commercially to form emulsi- 
fying agents and to absorb acidic gases. Propose syntheses of these two compounds. 


Diethylpropion (shown here) is a compound used in the treatment of anorexia. Propose 
a synthesis of diethylpropion starting with benzene and using any other needed reagents. 


М2 


Diethylpropion 
Using as starting materials 2-chloropropanoic acid, aniline, and 2-naphthol, propose a 


synthesis of naproanilide, a herbicide used in rice paddies in Asia: O 
O 
| 
H 


Naproanilide 


SPECTROSCOPY 


When compound W (C45H47N) is treated with benzenesulfonyl chloride and aqueous potassium hydroxide, no appar- 
ent change occurs. Acidification of this mixture gives a clear solution. The 'H NMR spectrum of W is shown in 
Fig. 20.7. Propose a structure for W. 


W, CisH17N 


TMS 
Figure 20.7 The 300- 
MHz 'H NMR spectrum of 3.6 3.4 1.2 1.0 
compound W, Problem 


20.45. Expansions of the 
signals are shown in the 8 7 6 5 4 3 2 1 0 
offset plots. ӧн (ppm) 


Problems 


20.46 Propose structures for compounds X, Y, and Z: 


X (суво) === y (Сану) === Z CnN) 


959 


The 'H NMR spectrum of X gives two signals, a multiplet at 6 7.3 (5H) and a singlet at à 4.25 (2H); the 680- 
840-cm ^! region of the IR spectrum of X shows peaks at 690 and 770 ст“ !. The H NMR spectrum of Y is sim- 
ilar to that of X: multiplet at 6 7.3 (5H), singlet at 6 3.7 (2H). The 1H NMR spectrum of Z is shown in Fig. 20.8. 


Z, CgH44N 


TMS 
3.0 25 
4 3 2 


ӧн (ppm) 


Figure 20.8 The 300- 
MHz 'H NMR spectrum of 
compound Z, Problem 
20.46. Expansion of the 
signals is shown in the 
offset plot. 


20.47 Compound A (Cj 9H 5) is soluble in dilute HCI. The IR absorption spectrum shows two bands in the 3300-3500- 
ст“ ! region. The broadband proton-decoupled 1С spectrum of A is given in Fig. 20.9. Propose a structure for А. 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 


Figure 20.9 The 
broadband proton- 
decoupled С NMR 
spectra of compounds A, 
B, and C, Problems 
20.47-20.49. Information 
from the DEPT °C NMR 
spectra is given above 
each peak. 
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CH CH» 


220 200 180 160 140 120 100 80 60 40 20 0 
ӧс (ppm) 
CH 


C, Сон, 1 МО сна 


220 200 180 160 140 1 20 100 80 60 40 20 0 
Figure 20.9 (continued) ӧс (ppm) 


20.48 Compound B, an isomer of A (Problem 20.47), is also soluble in dilute HCI. The IR spectrum of B shows no bands 
in ће 3300-3500-cm ! region. The broadband proton-decoupled '?C spectrum of B is given in Fig. 20.9. Propose 
a structure for B. 


20.49 Compound С (Сон, МО) gives a positive Tollens’ test (can be oxidized to a carboxylic acid) and is soluble in dilute 
HCI. The IR spectrum of С shows a strong band near 1695 ст! but shows no bands in the 3300-3500-cm ! region. 
The broadband proton-decoupled ‘SC NMR spectrum of С is shown in Fig. 20.9. Propose a structure for C. 


Challenge Problems 


20.50 When phenyl isothiocyanate, CHgN—C =S, is reduced with lithium aluminum hydride, the product formed has 
these spectral data: 


MS (m/z): 107, 106 

IR (ст !): 3330 (sharp), 3050, 2815, 760, 700 

1H NMR (6): 2.7 (s, 3H), 3.5 (broad, 1H), 6.6 (d, 2H), 6.7 (t, 1H) 7.2 (t, 2H) 
13C NMR (8): 30 (CH3), 112 (CH), 117 (CH), 129 (CH), 150 (C) 

(a) What is the structure of the product? 


(b) What is the structure that accounts for the 106 m/z peak and how is it formed? (It is an iminium ion.) 


20.51 


20.52 


20.53 


20.54 


Challenge Problems Y. = 961 
When N,N'-diphenylurea (A) is reacted with tosyl chloride in pyridine, it yields A i 
product B. N N 
The spectral data for B include: "Y 
MS (m/z): 194 (М?) O 
IR (em !): 3060, 2130, 1590, 1490, 760, 700 A 


1H NMR (6): only 6.9-7.4 (m) 
13C NMR (8): 122 (CH), 127 (CH), 130 (CH), 149 (С), and 163 (C) 
(a) What is the structure of B? 


(b) Write a mechanism for the formation of B. 


Propose a mechanism that can explain the occurrence of this reaction: 


" О 
Моң 92040 ~ 
| + — | CH, 
tZ tZ 
N N 
| | О 
Ó- Ó- 


When acetone is treated with anhydrous ammonia in the presence of anhydrous calcium chloride (a common dry- 
ing agent), crystalline product C is obtained on concentration of the organic liquid phase of the reaction mixture. 
These are spectral data for product C: 


MS (m/z): 155 (M*), 140 

IR (стг !): 3350 (sharp), 2850-2960, 1705 

1H NMR (6): 2.3 (s, 4H), 1.7 (1H; disappears in 020), and 1.2 (s, 12H) 

(a) What is the structure of C? 

(b) Propose a mechanism for the formation of C. 

The difference in positive-charge distribution in an amide that accepts a proton on its oxygen or its nitrogen atom 
can be visualized with electrostatic potential maps. Consider the electrostatic potential maps for acetamide in its 
O—H and N—H protonated forms shown below. On the basis of the electrostatic potential maps, which proto- 


nated form appears to delocalize, and hence stabilize, the formal positive charge more effectively? Discuss your 
conclusion in terms of resonance contributors for the two possible protonated forms of acetamide. 


Acetamide protonated on oxygen Acetamide protonated on nitrogen 
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Learning Group Problems 


Reserpine is a natural product belonging to the family of alkaloids (see Special Topic F). Reserpine was isolated 
from the Indian snakeroot Rauwolfia serpentina. Clinical applications of reserpine include treatment of hyperten- 
sion and nervous and mental disorders. The synthesis of reserpine, which contains six chirality centers, was a land- 
mark accomplishment reported by R. B. Woodward in 1955. Incorporated in the synthesis are several reactions 
involving amines and related nitrogen-containing functional groups, as we shall see on the following page. 


CH,O 


Reserpine 


(a) The goal of the first two steps shown in the scheme on the following page, prior to formation of the amide, is 
preparation of a secondary amine. Draw the structure of the products labeled A and B from the first and sec- 
ond reactions, respectively. Write a mechanism for formation of A. 


(b) The next sequence of reactions involves formation of a tertiary amine together with closure of a new ring. Write 
curved arrows to show how the amide functional group reacts with phosphorus oxychloride (РОС!) to place 
the leaving group on the bracketed intermediate. 


(c) The ring closure from the bracketed intermediate involves a type of electrophilic aromatic substitution reaction 
characteristic of indole rings. Identify the part of the structure that contains the indole ring. Write mechanism 
arrows to show how the nitrogen in the indole ring, via conjugation, can cause electrons from the adjacent car- 
bon to attack an electrophile. In this case, the attack by the indole ring in the bracketed intermediate is an addi- 
tion-elimination reaction, somewhat like reactions that occur at carbonyls bearing leaving groups. 


(a) A student was given a mixture of two unknown compounds and asked to separate and identify them. One of 
the compounds was an amine and the other was a neutral compound (neither appreciably acidic nor basic). 
Describe how you would go about separating the unknown amine from the neutral compound using extraction 
techniques involving diethyl ether and solutions of aqueous 5% HCl and 5% NaHCOs. The mixture as a whole 
was soluble in diethyl ether, but neither component was soluble in water at pH 7. Using R groups on a generic 
amine, write out the reactions for any acid—base steps you propose and explain why the compound of interest 
will be in the ether layer or aqueous layer at any given time during the process. 


(b) Once the amine was successfully isolated and purified, it was reacted with benzenesulfonyl chloride in the pres- 
ence of aqueous potassium hydroxide. The reaction led to a solution that on acidification produced a precipi- 
tate. The results just described constitute a test (Hinsberg's) for the class of an amine. What class of amine was 
the unknown compound: primary, secondary, or tertiary? Write the reactions involved for a generic amine of 
the class you believe this one to be. 
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(Reactions for Problem 1, 


previous page) 
O 
NH, 
сно N 
H 


CH,0,C = ОАс 
OCH, 
| + ion 0 
CHO NH 7 N | 
| ~ 
| Га Cl d Cl 
hosph 
The entire P dd Cl Па 
СІ,ОРО group Bde 5x 
is a good leaving 3M2 
group. 


CHO 


CHO 


Reserpine 


(Problem 2, continued) 


(c) The unknown amine was then analyzed by IR, NMR, and MS. The following data were obtained. On the basis 
of this information, deduce the structure of the unknown amine. Assign the spectral data to specific aspects of 
the structure you propose for the amine. 


IR (ст !): 3360, 3280, 3020, 2962, 1604, 1450, 1368, 1021, 855, 763, 700, 538 
1H NMR (ô): 1.35 (d, 3H), 1.8 (bs, 2H), 4.1 (а, 1H), 7.3 (m, 5H) 
MS (m/z): 121, 120, 118, 106 (base peak), 79, 77, 51, 44, 42, 28, 18, 15 


‘PLUS See Special Topic F in WileyPLUS 
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Nucleophilic Aromatic Substitution 


A phenol that is a blistering 


ә a 4 ә E a ә 3 3 ә ; . 
@ 9 a e FE S ! agent in poison ivy. 
сососдедефефеде. 
т bí ə ә 2 ә ә 


In this chapter we shall study phenols and aryl halides. A phenol contains а hydroxyl group directly bonded to 
a benzene ring. An aryl halide contains a halogen directly bonded to a benzene ring. As we learn about these 
classes of compounds we shall learn some new reactions, including nucleophilic aromatic substitution and the 
Claisen rearrangement, and have opportunities to review reactions that we have studied previously. We shall 
also see that phenols have widely varying roles in nature, from hormones and antibiotics to the blistering agents 
of poison ivy, like the molecule shown above. Aryl halides also have important properties, although some of 
them, such as polychlorinated and polybrominated biphenyls, have proved to have harmful effects on the envi- 
ronment. We begin with consideration of phenols. 
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21.1 Structure and Nomenclature of Phenols 


Compounds that have a hydroxyl group directly attached to a benzene ring are called 
phenols. Thus, phenol is the specific name for hydroxybenzene, and it is the general name 
for the family of compounds derived from hydroxybenzene: 


OH 


Phenol 4-Methylphenol 
(a phenol) 


Compounds that have a hydroxyl group attached to a polycyclic benzenoid ring are chem- 
ically similar to phenols, but they are called naphthols and phenanthrols, for example: 


6 
5 
OH 
8 1 OH 
7 2 4 
6 3 3 
5 4 
1-Naphthol 2-Naphthol 9-Phenanthrol 
(a-naphthol) (8-naphthol) 


21.1A Nomenclature of Phenols 


We studied the nomenclature of some phenols in Chapter 14. In many compounds phenol 
is the base name: 


Cl Br 
OH OH 
OH 
4-Chlorophenol 2-Nitrophenol 3-Bromophenol 
(p-chlorophenol) (o-nitrophenol) (m-bromophenol) 
The methylphenols are commonly called cresols: 
CH, CH, CH, 
OH 
OH 
2-Methylphenol 3-Methylphenol 4-Methylphenol 
(o-cresol) (m-cresol) (p-cresol) 
The benzenediols also have common names: 
OH OH 
OH OH 
OH 


1,2-Benzenediol 1,3-Benzenediol 1,4-Benzenediol 
(catechol) (resorcinol) (hydroquinone) 


966 Chapter 21 Phenols and Aryl Halides 


21.2 Naturally Occurring Phenols 


Phenols and related compounds occur widely in nature. Tyrosine is an amino acid that occurs 
in proteins. (See “The Chemistry of . . . Iodine Incorporation in Thyroxine Biosynthesis” 
in Chapter 15.) Methyl salicylate is found in oil of wintergreen, eugenol is found in oil of 
cloves, and thymol is found in thyme. 


L-Tyrosine 
CO5CHs OH OH 
OH OCH3 
p 
Methyl salicylate Eugenol Thymol 
(oil of wintergreen) (oil of cloves) (thyme) 


The urushiols are blistering agents (vesicants) found in poison ivy. 


OH А = —(CH,),,CH,, 
OH —(СН,),СН —CH(CHjCH, or 
— (CH,),CH —CHCH;CH —CH(CH;);CH,, ог 
R — (CH,),CH —CHCH;CH —CHCH —CHCH, or 
Urushiols — (CH,),CH —CHCH;CH =CHCH,CH=CH, 


Estradiol is a female sex hormone, and the tetracyclines are important antibiotics. 


Y HO CH; 7 N(CH,), 


Estradiol Tetracyclines 
(Y = Cl, Z = H; Aureomycin) 
(Y = Н, Z = OH; Terramycin) 


21.3 Physical Properties of Phenols 


The presence of hydroxyl groups in phenols means that phenols are like alcohols (Section 
11.2) in some respects. For example, they are able to form strong intermolecular hydrogen 
bonds, and therefore have higher boiling points than hydrocarbons of the same molecular 
weight. Phenol (bp 182°C) has a boiling point more than 70°C higher than toluene 
(bp 110.6°C), even though the two compounds have almost the same molecular weight. 
Phenols are also modestly soluble in water because of their ability to form strong hydro- 
gen bonds with water molecules. 
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21.4 Synthesis of Phenols 


21.4A Laboratory Synthesis 


The most important laboratory synthesis of phenols is by hydrolysis of arenediazonium salts 
(Section 20.7E). This method is highly versatile, and the conditions required for the dia- 
zotization step and the hydrolysis step are mild. This means that other groups present on 
the ring are unlikely to be affected. 


General Reaction 
HONO + СиО, Си“ 
= 


Ar—NH; —-> Ar—N, Ar—OH 
H20 
Specific Example 
NH, OH 
Br (1) NaNO,, H,SO, Br 
0-5°C 
(2) Си,О, Cu?*, H,O 
CH, CH, 
2-Bromo-4-methylphenol 
(80-92%) 


21.4B Industrial Syntheses 


Phenol is a highly important industrial chemical; it serves as the raw material for a large 
number of commercial products ranging from aspirin to a variety of plastics. Worldwide 
production of phenol (which in industry is sometimes called carbolic acid) is more than 3 
million tons per year. Several methods have been used to synthesize phenol commercially. 


1. Hydrolysis of Chlorobenzene (Dow Process). In this process chlorobenzene is 
heated at 350°C (under high pressure) with aqueous sodium hydroxide. The reaction 
produces sodium phenoxide, which, on acidification, yields phenol. The mechanism 
for the reaction probably involves the formation of benzyne (Section 21.11B). 


Cl O-Na* 
(high pressure) 
CY + 2NaOH — 3500. CY + NaCl + H,O 
O-Na* OH 
CY на, CY + нас 


2. From Cumene Hydroperoxide. This process illustrates industrial chemistry at its 
best. Overall, it is a method for converting two relatively inexpensive organic com- 
pounds—benzene and propene—into two more valuable ones—phenol and acetone. 
The only other substance consumed in the process is oxygen from air. Most of the 
worldwide production of phenol is now based on this method. The synthesis begins 
with the Friedel-Crafts alkylation of benzene with propene to produce cumene (iso- 
propylbenzene): 


p ge, SPP, 
250°C, 
pressure 


Reaction 1 


Cumene 
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Then cumene is oxidized to cumene hydroperoxide: 


Reaction 2 


о, O — OH 
> 
95-135°C 


Cumene hydroperoxide 


Finally, when treated with 10% sulfuric acid, cumene hydroperoxide undergoes a hydrolytic 
rearrangement that yields phenol and acetone: 


OH 
оон 90°, "E 
50-90°С A 


Phenol Acetone 


Reaction 3 


The mechanism of each of the reactions in the synthesis of phenol from benzene and 
propene via cumene hydroperoxide requires some comment. The first reaction is a famil- 
iar one. The isopropyl cation generated by the reaction of propene with the acid (H3PO4) 
alkylates benzene in a typical Friedel-Crafts electrophilic aromatic substitution: 


"e H, 


p = 
„~ HOPO, _ZHOPO,H, | 


The second reaction is a radical chain reaction. A radical initiator abstracts the benzylic 
hydrogen atom of cumene, producing a 3° benzylic radical. Then a chain reaction with oxy- 
gen, which exists as a paramagnetic diradical in the ground state, produces cumene 
hydroperoxide: 


Chain Initiation 


Chain Propagation 


S ee 6—6- 


Step 2 + ‘6-6. — 


ó—6/ H ^v on: 32i CY, 
Step 3 "a c — 5 a x + 


The reaction continues with steps 2, 3, 2, 3, etc. 
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The third reaction—the hydrolytic rearrangment—resembles the carbocation rearrange- 
ments that we have studied before. In this instance, however, the rearrangement involves 
the migration of a phenyl group to a cationic oxygen atom. Phenyl groups have a much 
greater tendency to migrate to a cationic center than do methyl groups. The following equa- 
tions show all the steps of the mechanism. 


wc ut N * (4 JH —H,O 
6—0—H + Wh — СТЕ QT - 
= = 2 - EON H loss of water 
and concurrent 
phenyl migration 


with an electron pair 
to oxygen 


н... го === Hes O CENT. s on + yop 
:0 1 9 ) o GO 5 HO 
H H,Ö: à 


Acetone Phenol 


The second and third steps of the mechanism may actually take place at the same time; 
that is, the loss of H2O and the migration of CgH5— may be concerted. 
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21.5A Strength of Phenols as Acids 


Although phenols are structurally similar to alcohols, they are much stronger acids. The 
pK, values of most alcohols are of the order of 18. However, as we see in Table 21.1, the 
pK, values of phenols are smaller than 11. 


Ca Acidity Constants of Phenols 


pk, pK, 
Name (in H2O at 25°C) Name (in H2O at 25°C) 

Phenol 9.89 3-Nitrophenol 8.28 
2-Methylphenol 10.20 4-Nitrophenol 7.15 
3-Methylphenol 10.01 2,4-Dinitrophenol 3.96 
4-Methylphenol 10.17 2,4,6-Trinitrophenol 0.38 
2-Chlorophenol 8.11 (picric acid) 
3-Chlorophenol 8.80 1-Naphthol 9.31 
4-Chlorophenol 9.20 2-Naphthol 9.55 
2-Nitrophenol 7.17 


Let us compare two superficially similar compounds, cyclohexanol and phenol: 


(yon (У 


Cyclohexanol Phenol 
pK, = 18 pK, — 9.89 
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Although phenol is a weak acid when compared with a carboxylic acid such as acetic acid 
(pK, — 4.76), phenol is a much stronger acid than cyclohexanol (by a factor of eight pK; 
units). 

Experimental and theoretical results have shown that the greater acidity of phenol owes 
itself primarily to an electrical charge distribution in phenol that causes the — OH oxygen 
to be more positive; therefore, the proton is held less strongly. In effect, the benzene ring 
of phenol acts as if it were an electron-withdrawing group when compared with the cyclo- 
hexane ring of cyclohexanol. 

We can understand this effect by noting that the carbon atom which bears the hydroxyl 
group in phenol is sp? hybridized, whereas in cyclohexane it is sp? hybridized. Because of 
their greater s character, sp’-hybridized carbon atoms are more electronegative than sp?- 
hybridized carbon atoms (Section 3.8A). 

Another factor influencing the electron distribution may be the contributions to the over- 
all resonance hybrid of phenol made by structures 2-4. Notice that the effect of these struc- 
tures is to withdraw electrons from the hydroxyl group and to make the oxygen positive: 


НЕ... Ні... Ai ws НО, An. .. 
~6 Р 76 er “+ “+ 
Resonance 
J cm structures 
—- <—ә <—ә <—ә for 
Z3 Xx phenol 
1a 1b 2 3 4 


An alternative explanation for the greater acidity of phenol relative to cyclohexanol can 
be based on similar resonance structures for the phenoxide ion. Unlike the structures for 
phenol, 2-4, resonance structures for the phenoxide ion do not involve charge separation. 
According to resonance theory, such structures should stabilize the phenoxide ion more than 
structures 2-4 stabilize phenol. (No resonance structures can be written for cyclohexanol 
or its anion, of course.) Greater stabilization of the phenoxide ion (the conjugate base) than 
of phenol (the acid) has an acid-strengthening effect. 


Rank the following compounds in order of increasing acidity. 


OH OH О OH 
ON 


STRATEGY AND ANSWER Alcohols are less acidic than phenols, and phenols are less acidic than carboxylic acids. 
An electron-withdrawing group increases the acidity of a phenol relative to phenol itself. Thus the order of increas- 
ing acidity among these examples is cyclohexanol <phenol <4-nitrophenol <benzoic acid. 


Review Problem 21.1 


If we examine Table 21.1, we find that the methylphenols (cresols) are less acidic than phe- 


nol itself. For example, 
COo о jon 


Phenol 4-Methylphenol 
pK, — 9.89 pK, = 10.17 


This behavior is characteristic of phenols bearing electron-releasing groups. Provide an 
explanation. 
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If we examine Table 21.1, we see that phenols having electron-withdrawing groups (СТ— Review Problem 21.2 
or O2N—) attached to the benzene ring are more acidic than phenol itself. Account for this 

trend on the basis of resonance and inductive effects. Your answer should also explain the 

large acid-strengthening effect of nitro groups, an effect that makes 2,4,6-trinitrophenol (also 

called picric acid) so exceptionally acidic (pK, = 0.38) that it is more acidic than acetic 

acid (pK, = 4.76). 


21.5B Distinguishing and Separating Phenols from Alcohols 
and Carboxylic Acids 


Because phenols are more acidic than water, the following reaction goes essentially to com- 
pletion and produces water-soluble sodium phenoxide: 


( дон + NaOH == ( S-owe + HO 
H,O 


Stronger acid Stronger Weaker Weaker acid 
pK,=10 base base pK, = 16 
(slightly soluble) (soluble) 


The corresponding reaction of 1-hexanol with aqueous sodium hydroxide does not occur 
to a significant extent because 1-hexanol is a weaker acid than water: 


ОСЕ Хон + NaOH ——— <x” xN Aona + H,O 
H,O 


Weaker acid Weaker Stronger Stronger acid 
рК, =18 base base pK, « 16 
(very slightly soluble) 


The fact that phenols dissolve in aqueous sodium hydroxide, whereas most alcohols with 
six carbon atoms or more do not, gives us a convenient means for distinguishing and sep- 
arating phenols from most alcohols. (Alcohols with five carbon atoms or fewer are quite 
soluble in water—some are infinitely so—and so they dissolve in aqueous sodium hydrox- 
ide even though they are not converted to sodium alkoxides in appreciable amounts.) 

Most phenols, however, are not soluble in aqueous sodium bicarbonate (NaHCOj), but 
carboxylic acids are soluble. Thus, aqueous NaHCO; provides a method for distinguish- 
ing and separating most phenols from carboxylic acids. 


Solved Problem 21.2 


Assume that each of the following mixtures was added to a flask or a separatory funnel that contained diethyl ether 
(as an organic solvent) and mixed well. In which layer (diethyl ether or water) would the organic compound pre- 
dominate in each case, and in what form would it exist (in its neutral form or as its conjugate base)? 


(a) О (b) OH 
ad JA + aqueous NaHCO3 
+ aqueous NaHCO3 CH 


3 


(c) о (9) 


OH 
+ aqueous NaOH 
OH 
+ aqueous NaOH СНз 


972 Chapter 21 Phenols and Aryl Halides 


STRATEGY AND ANSWER Sodium bicarbonate will remove a proton from a carboxylic acid to form a water- 
soluble carboxylate salt, but sodium bicarbonate will not remove a proton from a typical phenol. Sodium hydroxide 
will remove a proton from both a carboxylic acid and a phenol to form salts in each case. Thus, in (a) benzoic acid 
will be found in the water layer as its sodium salt, whereas in (b) 4-methylphenol will remain in its neutral form 
and be found predominantly in the ether layer. In (c) and (d) both benzoic acid and 4-methylphenol will be found 
in the aqueous layer as their corresponding salts. 


Review Problem 21.3 Your laboratory instructor gives you a mixture of 4-methylphenol, benzoic acid, and toluene. 
Assume that you have available common laboratory acids, bases, and solvents and explain 
how you would proceed to separate this mixture by making use of the solubility differences 
of its components. 


21.6 Other Reactions of the O—H Group of Phenols 


Phenols react with carboxylic acid anhydrides and acid chlorides to form esters. These reac- 
tions are quite similar to those of alcohols (Section 17.7). 


Д 


ou: = LOAL + he. 
о. 204, 


21.6А Phenols іп the Williamson Synthesis 


Phenols can be converted to ethers through the Williamson synthesis (Section 11.11B). 
Because phenols are more acidic than alcohols, they can be converted to sodium phenox- 
ides through the use of sodium hydroxide (rather than sodium hydride or metallic sodium, 
the reagents used to convert alcohols to alkoxide ions). 


+ Cr 


General Reaction 
pe E 
AroH Æ, до-Ма* =. дов + Мах 
(X = Cl, Br, |, 
OSO,OR’ or 
OSO,R’) 
Specific Examples 
OH Q- Ter 
277 ІГ M 
=, | + Nal 
SX EN 
CH, CH, 
OH O-Na* OCH, 
p H H 
| NaOH CH,0SO,OCH, + NaOSO,OCH, 
Su 
Anisole 


(methoxybenzene) 
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21.7 Cleavage of Alkyl Aryl Ethers 


We learned in Section 11.12A that when dialkyl ethers are heated with excess concentrated 
HBr or HI, the ethers are cleaved and alkyl halides are produced from both alkyl groups: 
concd HX 


R—O—R' ^ R—X + R'-X + H,O 
heat 


When alkyl aryl ethers react with strong acids such as HI and HBr, the reaction produces 
an alkyl halide and a phenol. The phenol does not react further to produce an aryl halide 
because the phenol carbon-oxygen bond is very strong and because phenyl cations do not 
form readily. 


General Reaction 


concd HX. 


Ar—O—R 
heat 


Ar—OH + R—X 


Specific Example 


cH \ocn, HBr, cu (4 Уон + CHBr 


p-Methylanisole 4-Methylphenol Methyl bromide 


|е 


no reaction 


21.8 Reactions of the Benzene Ring of Phenols 


Bromination The hydroxyl group is a powerful activating group—and an огћо–рага 
director—in electrophilic aromatic substitutions. Phenol itself reacts with bromine in 
aqueous solution to yield 2,4,6-tribromophenol in nearly quantitative yield. Note that a 
Lewis acid is not required for the bromination of this highly activated ring: 


OH OH 
Br Br 
3 Br, 
HO t SHBr 
Br 
2,4,6-Tribromophenol 
(~100%) 


Monobromination of phenol can be achieved by carrying out the reaction in carbon disul- 
fide at a low temperature, conditions that reduce the electrophilic reactivity of bromine. The 
major product is the para isomer: 


OH OH 
= + HB 
C8, 5°C r 
Br 
p-Bromophenol 


(80-84%) 
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Nitration Phenol reacts with dilute nitric acid to yield a mixture of o- and p-nitrophenol: 


OH OH OH 
NO, 
20% HNO, 
y + 
25°C 
NO, 
30-40% 15% 


Although the yield is relatively low (because of oxidation of the ring), the ortho and para 
isomers can be separated by steam distillation. o-Nitrophenol is the more volatile isomer 
because its hydrogen bonding (see the following structures) is intramolecular. 
p-Nitrophenol is less volatile because intermolecular hydrogen bonding causes association 
among its molecules. Thus, o-nitrophenol passes over with the steam, and p-nitrophenol 
remains in the distillation flask. 


:д "-—-— 
Se, P 
N H '0: 
| 7, x 
О HO N.. syn 
= e _)- S 
| О 
o-Nitrophenol p-Nitrophenol 
(more volatile because of (less volatile because of 
intramolecular hydrogen bonding) intermolecular hydrogen bonding) 


Sulfonation  Phenol reacts with concentrated sulfuric acid to yield mainly the ortho- 
sulfonated product if the reaction is carried out at 25?C and mainly the para-sulfonated prod- 
uct at 100°C. This is another example of thermodynamic versus kinetic control of a reaction 
(Section 13.10A): 


OH 


SO,H 
25°C : eer 
Major product under kinetic control 


OH 


concd H,SO,, 100°C 


Major product under thermodynamic control 


Consider the sulfonation reactions of phenol shown above. (a) Which sulfonation product is more stable, ortho or 
para? (b) For which sulfonation product is the free energy of activation lower? 


ANSWER (a) The para-sulfonated phenol is more stable. We know this because at the higher temperature, where the 
reaction is under equilibrium control, it is the major product. (b) The free energy of activation is lower for ortho sub- 
stitution. We know this because at the lower temperature, where the reaction is under kinetic control, it is formed faster. 


Kolbe Reaction The phenoxide ion is even more susceptible to electrophilic aromatic 
substitution than phenol itself. (Why?) Use is made of the high reactivity of the phenox- 
ide ring in a reaction called the Kolbe reaction. In the Kolbe reaction carbon dioxide acts 
as the electrophile. 
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A MECHANISM FOR THE REACTION 


The Kolbe Reaction 


| a^ P = 
c Na* _tautomerization 


Sodium salicylate Salicylic acid 


The Kolbe reaction is usually carried out by allowing sodium phenoxide to absorb car- 
bon dioxide and then heating the product to 125°C under a pressure of several atmospheres 
of carbon dioxide. The unstable intermediate undergoes a proton shift (a keto—enol tau- 
tomerization; see Section 18.2) that leads to sodium salicylate. Subsequent acidification of 
the mixture produces salicylic acid. 

Reaction of salicylic acid with acetic anhydride yields the widely used pain reliever 


aspirin: 
" As 
CO,H 1] CO,H о 
2 2 
AA, + pu 
CH4CO;H OH 


Salicylic Acetylsalicylic acid 
acid (aspirin) 


о 


О 


Predict the products of each of the following reactions. Review Problem 21.4 


би (b) OH 

M» = С а 

————— (2) CHgl 
pyridine 


HNOs, H,SO, 
——————» 


HBr O 
— 
H3C 


THE CHE! 


Polyketide Anticancer Antibiotic Biosynthesis 


Doxorubicin (also known as adriamycin) is a highly potent 
anticancer drug that contains phenol functional groups. It 
is effective against many forms of cancer, including 
tumors of the ovaries, breast, bladder, and lung, as well 
as against Hodgkin's disease and other acute leukemias. 


Doxorubicin is a member of the anthracycline family of 
antibiotics. 

Another member of the family is daunomycin. Both of 
these antibiotics are produced in strains of Streptomyces 
bacteria by a pathway called polyketide biosynthesis. 
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A molecular model of doxorubicin. 


Isotopic labeling experiments have shown that dauno- 
mycin is synthesized in Streptomyces galilaeus from a tetra- 
cyclic precursor called aklavinone. Aklavinone, in turn, is 
synthesized from acetate. When S. galilaeus is grown in a 
medium containing acetate labeled with carbon-13 and oxy- 
gen-18, the aklavinone produced has isotopic labels in the 
positions indicated below. Notice that oxygen atoms occur 
at alternate carbons in several places around the structure, 


И! 
сМ ra a S. galilaeus 
3 


Isotopically labeled acetate 
E, Ө = °C labels 
Y = '80 labels 


are also similar to the acylation steps we saw in fatty acid 
biosynthesis (Special Topic E). Once formed, the linear 
polyketide cyclizes by enzymatic reactions akin to intramol- 
ecular aldo! additions and dehydrations (Section 19.6). 


о 
-ос Ag сод 


Nine malonyl-CoA 
[e] S. galilaeus 


La РИА 


One propionyl-CoA 


condensations 


enzymatic malonic ester 


enzymatic aldol 
condensations 
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Doxorubicin (R = CH,OH) 
Daunomycin (R = CH,) 


consistent with the linking of acetate units in head-to-tail 
fashion. This is typical of aromatic polyketide biosynthesis. 

This and other information show that nine Co units from 
malonyl-coenzyme A and one Cg unit from propionyl-coen- 
zyme A condense to form the linear polyketide intermedi- 
ate shown below. These units are joined by acylation 
reactions that are the biosynthetic equivalent of the malonic 
ester synthesis we studied in Section 18.7. These reactions 


vv 
О • соосн, 


Се! H C H 3 
v 


YOH YO тон vÓH 
Aklavinone 


These steps form the tetracyclic core of aklavinone. Phenolic 
hydroxyl groups in aklavinone arise by enolization of ketone 
carbonyl groups present after the aldol condensation steps. 
Several other transformations ultimately lead to daunomycin: 


о S—Enzyme 


and other 
transformations 


Aklavinone 


HO 


There are many examples of important biologically active 
molecules formed by polyketide biosynthesis. Aureomycin 
and Terramycin (Section 21.2) are examples of other aro- 


Daunomycin 


NH, 


matic polyketide antibiotics. Erythromycin (Section 17.7C) 
and aflatoxin, a carcinogen (Section 11.14), are polyketides 
from other pathways. 
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21.9 The Claisen Rearrangement 


Heating allyl phenyl ether to 200°C effects an intramolecular reaction called a Claisen 
rearrangement. The product of the rearrangement is o-allylphenol: 


OH 
ОС 
“200°C” 


Allyl phenyl ether o-Allylphenol 


The reaction takes place through a concerted rearrangement in which the bond between 
C3 of the allyl group and the ortho position of the benzene ring forms at the same time that 
the carbon-oxygen bond of the allyl phenyl ether breaks. The product of this rearrange- 
ment is an unstable intermediate that, like the unstable intermediate in the Kolbe reaction 
(Section 21.8), undergoes a proton shift (a keto—enol tautomerization, see Section 18.2) that 
leads to the o-allylphenol: 


Su о ~ он ^ 


keto—enol 
tautomerization 
аА ааа 6 


Unstable intermediate 


That only C3 of the allyl group becomes bonded to the benzene ring was demonstrated 
by carrying out the rearrangement with allyl phenyl ether containing 14C at СЗ. All of the 
product of this reaction had the labeled carbon atom bonded to the ring: 


О | HO “ 
"CH, "CH, 
— 
heat 


Only product 


The labeling experiment just described eliminates from consideration a mechanism in which Review Problem 21.5 
the allyl phenyl ether dissociates to produce an allyl cation (Section 13.4) and a phenox- 

ide ion, which then subsequently undergo a Friedel-Crafts alkylation (Section 15.6) to pro- 

duce the o-allylphenol. Explain how this alternative mechanism can be discounted by 

showing the product (or products) that would result from it. 


Solved Problem 21.4 


Show how you could synthesize allyl phenyl ether from phenol and allyl bromide. 
STRATEGY AND ANSWER Use a Williamson ether = (Section 21.6A). 


NaOH. 5 eet 
-RA 


What are compounds A and B in the following sequence? Review Problem 21.6 


OH 
(1) NaH 
A heat B 
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A Claisen rearrangement also takes place when allyl vinyl ethers are heated. For example, 


$ 
o Of о“ 
heat \ } 
24 = ES 
Allyl vinyl ether Aromatic 4-Pentenal 


transition state 


The transition state for the Claisen rearrangement involves a cycle of six electrons. 
Having six electrons suggests that the transition state has aromatic character (Section 14.7). 
Other reactions of this general type are known, and they are called pericyclic reactions. 
Another similar pericyclic reaction is the Cope rearrangement shown here: 


Ss 
DL" Lou RN С 
OF Sus 
3,3-Dimethyl- Aromatic 2-Methyl-2,6- 
1,5-hexadiene transition heptadiene 


state 


The Diels—Alder reaction (Section 13.11) is also a pericyclic reaction. The transition state 
for the Diels—Alder reaction also involves six electrons: 


272 


Aromatic 
transition 
state 


The mechanism of the Diels—Alder reaction is discussed further in Special Topic H. 


21.10 Quinones 


Oxidation of hydroquinone (1,4-benzenediol) produces a compound known as p-benzo- 
quinone. The oxidation can be brought about by mild oxidizing agents, and, overall, the 
oxidation amounts to the removal of a pair of electrons (2 е ) and two protons from hydro- 
quinone. (Another way of visualizing the oxidation is as the loss of a hydrogen molecule, 
H:H, making it a dehydrogenation.) 


OH О 
-2e 
———ÁÀ + 2H* 
Inner membrane +2е" 
Intermembrane 
Space OH 
Hydroquinone p-Benzoquinone 


Matrix ; EE | : s : 
This reaction is reversible; p-benzoquinone is easily reduced by 


mild reducing agents to hydroquinone. 

Nature makes much use of this type of reversible oxidation-reduc- 
tion to transport a pair of electrons from one substance to another in 
enzyme-catalyzed reactions. Important compounds in this respect are 
the compounds called ubiquinones (from ubiquitous + quinone— 
these quinones are found within the inner mitochondrial membrane of 
Cross section of a mitochondrion. every living cell). Ubiquinones are also called coenzymes Q (CoQ). 
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Ubiquinones have a long, isoprene-derived side chain (see Special Topic E and Section 
23.3). Ten isoprene units are present in the side chain of human ubiquinones. This part of 
their structure is highly nonpolar, and it serves to solubilize the ubiquinones within the 
hydrophobic bilayer of the mitochondrial inner membrane. Solubility in the membrane envi- 
ronment facilitates their lateral diffusion from one component of the electron transport chain 
to another. In the electron transport chain, ubiquinones function by accepting two electrons 
and two hydrogen atoms to become a hydroquinone. The hydroquinone form carries the 
two electrons to the next acceptor in the chain: 


Q OH 
CH,O CH, eee CH,O CH, 
—2e,-2Ht 
CH,O X nH CH,O E aH 
О CH, OH CH, 
Ubiquinones (n — 6-10) Ubiquinol (hydroquinone form) 


(coenzymes Q) 


Vitamin Ку, the important dietary factor that is instrumental in maintaining the coagu- 
lant properties of blood, contains a 1,4-naphthoquinone structure: 


О О 
P d 
A CL) | 
CH, 
O O 
1,4-Naphthoquinone Vitamin K, 


THE CHEMISTRY OF... 


The Bombardier Beetle's Noxious Spray 


The bombardier beetle defends itself by spraying a jet 
stream of hot (100°C), noxious p-benzoquinones at an 
attacker. The beetle mixes p-hydroquinones and hydrogen 
peroxide from one abdominal reservoir with enzymes from 
another reservoir. The enzymes convert hydrogen peroxide 
to oxygen, which in turn oxidizes the p-hydroquinones to 
p-benzoquinones and explosively propels the irritating spray 
at the attacker. Photos by T. Eisner and D. Aneshansley 
(Cornell University have shown that the amazing bom- 
bardier beetle can direct its spray in virtually any direction, 
even parallel over its back, to ward off a predator. 


Bombardier beetle in the process of spraying. 


Solved Problem 21.5 


Outline a synthesis of the О 
following compound. 


(continued on the next page) 
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STRATEGY AND ANSWER The presence of a cyclohexane ring with a double bond in it suggests that the com- 
pound could be made by a Diels—Alder reaction. Suitable reactants here would be p-benzoquinone as the dienophile 


and 1,3-butadiene as the diene. 
O O 
9 | р 
= С) 
О O 


p-Benzoquinone and 1,4-naphthoquinone act as dienophiles in Diels-Alder reactions. Give 
the structures of the products of the following reactions: 


(a) 1,4-Naphthoquinone + butadiene 


Review Problem 21.7 


(b) p-Benzoquinone + cyclopentadiene 


Review Problem 21.8 Outline a possible synthesis of the following compound. 


C 


21.11 Aryl Halides and Nucleophilic Aromatic Substitution 


OH 


OH 


@ Simple aryl halides, like vinylic halides (Section 6.14A), are relatively unreactive 


toward nucleophilic substitution under conditions that would give rapid nucleo- 
philic substitution with alkyl halides. 


Chlorobenzene, for example, can be boiled with sodium hydroxide for days without pro- 
ducing a detectable amount of phenol (or sodium phenoxide).* Similarly, when vinyl chlo- 
ride is heated with sodium hydroxide, no substitution occurs: 


CI 


+ NaOH TO, heat" no substitution 


ZO + NaOH —— — по substitution 
H,O, heat 


We can understand this lack of reactivity on the basis of several factors. The benzene 
ring of an aryl halide prevents back-side attack in an 542 reaction: 


207 
Nu:- Cy —— по геасііоп 


*The Dow process for making phenol by substitution (Section 21.4B) requires extremely high temperature and 
pressure to effect the reaction. These conditions are not practical in the laboratory. 


oH 
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Phenyl cations are very unstable; thus Sy1 reactions do not occur. The carbon-halogen 
bonds of aryl (and vinylic) halides are shorter and stronger than those of alkyl, allylic, and 
benzylic halides. Stronger carbon-halogen bonds mean that bond breaking by either an 51 
ог 52 mechanism will require more energy. 

Two effects make the carbon-halogen bonds of aryl and vinylic halides shorter and 
stronger: (1) The carbon of either type of halide is sp? hybridized, and therefore the elec- 
trons of the carbon orbital are closer to the nucleus than those of an sp? -hybridized carbon. 
(2) Resonance of the type shown here strengthens the carbon-halogen bond by giving it 
double-bond character: 

"fe 7e 


+ 


Xt 


XS :Х :Х+ 5 
т [> 
6c (+ "RS 
b: 


Having said all this, we shall find in the next two subsections that aryl halides can be 
remarkably reactive toward nucleophiles if they bear certain substituents or when we allow 
them to react under the proper conditions. 


21.11A Nucleophilic Aromatic Substitution by 
Addition-Elimination: The SyAr Mechanism 


Nucleophilic substitution reactions of aryl halides do occur readily when an electronic fac- 
tor makes the aryl carbon bonded to the halogen susceptible to nucleophilic attack. 


@ Nucleophilic aromatic substitution can occur when strong electron-withdrawing 
groups are ortho or para to the halogen atom: 


CI OH 
NO, NO, 
.  89.NaHCO, НО 
+ OH 130°C | 
CI OH 
NO, МО, 
_ .aq.NaHCO, ЊО 
+ OH TC ^ — 7 
NO, NO; 
CI OH 
ON NO, F ON NO, 
+ OH aq Es 4 Но : 
NO, NO, 


We also see in these examples that the temperature required to bring about the reaction 
is related to the number of ortho or para nitro groups. Of the three compounds, 
o-nitrochlorobenzene requires the highest temperature (p-nitrochlorobenzene reacts at 
130°C as well) and 2,4,6-trinitrochlorobenzene requires the lowest temperature. 

A meta-nitro group does not produce a similar activating effect. For example, 
m-nitrochlorobenzene gives no corresponding reaction. 
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@ The mechanism that operates in these reactions is an addition—elimination mecha- 
nism involving the formation of a carbanion with delocalized electrons, called a 
Meisenheimer intermediate. The process is called nucleophilic aromatic substi- 
tution (SyAr). 


In the first step of the following example, addition of a hydroxide ion to p-nitrochloroben- 
zene produces the carbanion; then elimination of a chloride ion yields the substitution prod- 
uct as the aromaticity of the ring is recovered. 


A MECHANISM FOR THE REACTION 


The SyAr Mechanism 


CI сон OH o- 
+ -OH addition J elimination + Cr OH- + HOH 
slow fast 
NO, NO, NO, NO, 
Carbanion 


(Meisenheimer intermediate) 
Structures of the 
contributing resonance 
forms are shown below. 


The carbanion is stabilized by electron-withdrawing groups in the positions ortho and 
para to the halogen atom. If we examine the following resonance structures for a 
Meisenheimer intermediate, we can see how: 


HO Cl HO Cl HO Cl HO Cl 
" DAN... C ER is 
eg ge x " оло 2“ о 


Especially stable 
(Negative charges 
are both on oxygen atoms.) 


Solved Problem 21.6 


What is the product of the following reaction? 


OH 
(1) NaH 
(2) NO2 


oH 
CAT 983 


STRATEGY AND ANSWER Ман is a strong base that will convert 4-methylphenol to its phenoxide salt. 1-(p- 
Toluenesulfonyl)-2,6-dinitrobenzene contains both a good leaving group and two strong electron-withdrawing 
groups. Thus the likely reaction is a nucleophilic aromatic substitution (ЅуАг), leading to the following diaryl ether. 


NO2 
2 | ON 


2 
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1-Fluoro-2,4-dinitrobenzene is highly reactive toward nucleophilic substitution through an Review Problem 21.9 
SnAr mechanism. (In Section 24.5B we shall see how this reagent is used in the Sanger 
method for determining the structures of proteins.) What product would be formed when 


1-fluoro-2,4-dinitrobenzene reacts with each of the following reagents? 
(b) NH3 (c) CeH5NH»2 (d) EtSNa 


(a) EtONa 


THE CHEMISTRY OF... 


Bacterial Dehalogenation of a PCB Derivative 


Polychlorinated biphenyls (PCBs) are compounds that were 
once used in a variety of electrical devices, industrial appli- 
cations, and polymers. Their use and production were 
banned in 1979, however, owing to the toxicity of PCBs and 
their tendency to accumulate in the food chain. 
4-Chlorobenzoic acid is a degradation product of some 
PCBs. It is now known that certain bacteria are able to 


dehalogenate 4-chlorobenzoic acid by an enzymatic 
nucleophilic aromatic substitution reaction. The product is 
4-hydroxybenzoic acid, and a mechanism for this enzyme- 
catalyzed process is shown here. The sequence begins 
with the thioester of 4-chlorobenzoic acid derived from 
coenzyme A (CoA): 


(Ox CoA On. _SCoA Ox „~ SCoA O, | -SCoA о C SCoA 
= e 
HE — — ===> 
o са 7 
ce ond No rm 4 v ov K wh p OH 
а Enz ‘Enz He Enz OH =R В 
Enz -B Enz 


Some key features of this enzymatic SyAr mechanism are 
the following. The nucleophile that attacks the chlorinated 
benzene ring is a carboxylate anion of the enzyme. When 
the carboxylate attacks, positively charged groups within the 
enzyme stabilize the additional electron density that devel- 
ops in the thioester carbonyl group of the Meisenheimer 
intermediate. Collapse of the Meisenheimer intermediate, 


with rearomatization of the ring and loss of the chloride ion, 
results in an intermediate where the substrate is covalently 
bonded to the enzyme as an ester. Hydrolysis of this ester 
linkage involves a water molecule whose nucleophilicity has 
been enhanced by a basic site within the enzyme. Hydrolysis 
of the ester releases 4-hydroxybenzoic acid and leaves the 
enzyme ready to catalyze another reaction cycle. 
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Figure 21.1 (а) A calculated electrostatic 
potential map for benzyne shows the relatively 
greater negative charge (in red) at the edge of the 
ring, corresponding to electron density from the 
additional 7 bond in benzyne. (b) A schematic 
representation of the molecular orbital associated 
with the additional т bond іп benzyne. (Red and 
blue indicate orbital phase, not charge 
distribution.) Note that the orientation of this 
orbital is in the same plane as the ring and 
perpendicular to the axis of the aromatic 7 


system. 
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21.11B Nucleophilic Aromatic Substitution through 
an Elimination-Addition Mechanism: Benzyne 


Although aryl halides such as chlorobenzene and bromobenzene do not react with most 
nucleophiles under ordinary circumstances, they do react under highly forcing conditions. 
Chlorobenzene can be converted to phenol by heating it with aqueous sodium hydroxide 
in a pressurized reactor at 350?C (Section 21.4B): 


CI ONa OH 
Ф m Ф ae СУ 
———> —— 

350°C 


Phenol 


Bromobenzene reacts with the very powerful base, NH», in liquid ammonia: 


Br NH, 
K :NH, KB 
=33°C T NBE 


Aniline 


@ These reactions take place through an elimination-addition mechanism that involves 
the formation of a highly unstable intermediate called benzyne (or dehydrobenzene). 


We can illustrate this mechanism with the reaction of bromobenzene and amide ion. In 
the first step (see the following mechanism), the amide ion initiates an elimination by 
abstracting one of the ortho protons because they are the most acidic. The negative charge 
that develops on the ortho carbon is stabilized by the inductive effect of the bromine. The 
anion then loses a bromide ion. This elimination produces the highly unstable, and thus 
highly reactive, benzyne. Benzyne then reacts with any available nucleophile (in this case, 
an amide ion) by a two-step addition reaction to produce aniline. 

We can better understand the reactive and unstable nature of benzyne if we consider 
aspects of its electronic structure. 

The calculated electrostatic potential map for benzyne, shown in Fig. 21.1a, shows the rel- 
atively greater negative charge at the edge of the ring, corresponding to the electron density 
from the additional 7 bond in benzyne. Figure 21.15 shows a schematic representation of the 
orbital associated with the additional т bond. We can see from these models that the orbitals 
of the additional 7 bond in benzyne lie in the same plane as the ring, perpendicular to the 
axis of the aromatic 7r system. We can also see in Fig. 21.1 that, because the carbon ring is 
not a perfect hexagon as in benzene, there is angle strain in the structure of benzyne. The dis- 
tance between the carbons of the additional 7 bond in benzyne is shorter than between the 
other carbons, and the bond angles of the ring are therefore distorted from their ideal values. 
The result is that benzyne is highly unstable and highly reactive. Consequently, benzyne has 
never been isolated as a pure substance, but it has been detected and trapped in various ways. 


oH 
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What, then, is some of the evidence for an elimination-addition mechanism involving 
benzyne in some nucleophilic aromatic substitutions? 


A MECHANISM FOR THE REACTION 


The Benzyne Elimination-Addition Mechanism 


Elimination 
Br Br 
Фере ис 
TH Ё 
С Benzyne 
Н; (ог dehydrobenzene) 


[s 
e 


NH, 
Cx 4: NH, 
H 


The first piece of clear-cut evidence was an experiment done by J. D. Roberts (Section 
9.10) in 1953—one that marked the beginning of benzyne chemistry. Roberts showed that 
when '^C-labeled (C*) chlorobenzene is treated with amide ion in liquid ammonia, the ani- 
line that is produced has the label equally divided between the 1 and 2 positions. This result 
is consistent with the following elimination—addition mechanism but is, of course, not at all 
consistent with a direct displacement or with an addition-elimination mechanism. (Why?) 


Addition 


Elimination Addition 5096 


An even more striking illustration can be seen in the following reaction. When the ortho 
derivative 1 is treated with sodium amide, the only organic product obtained is m-(trifluo- 


romethyl)aniline: 
Nab) 


RAP. E 
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This result can also be explained by an elimination-addition mechanism. The first step pro- 
duces the benzyne 2: 


CF, CF, 
CI 
NaNH, 
NH, 
H (но 
1 2 


This benzyne then adds an amide ion in the way that produces the more stable carbanion 
3 rather than the less stable carbanion 4: 


CF, 


Less stable 
carbanion 


CF, CF, 


"m nn 


3 
More stable carbanion 
(The negative charge is closer 
to the electronegative 
trifluoromethyl group.) 


Carbanion 3 then accepts a proton from ammonia to form m-(trifluoromethy])aniline. 

Carbanion 3 is more stable than 4 because the carbon atom bearing the negative charge 
is closer to the highly electronegative trifluoromethyl group. The trifluoromethyl group sta- 
bilizes the negative charge through its inductive effect. (Resonance effects are not impor- 
tant here because the sp? orbital that contains the electron pair does not overlap with the 7r 
orbitals of the aromatic system.) 

Benzyne intermediates have been “trapped” through the use of Diels—Alder reactions. 
One convenient method for generating benzyne is the diazotization of anthranilic acid 
(2-aminobenzoic acid) followed by elimination of СО» and №: 


| | 
C C 
~o- diazotization o БА -CO, 
——————— — | 
$ + —N, 
NH, GN A ii 
Anthranilic Benzyne 
acid (trapped in situ) 


When benzyne is generated in the presence of the diene furan, the product is a Diels-Alder 


adduct: 
E 
| + 0 — 
=== 


Вепгупе Furan Diels-Alder adduct 
(generated by 
an elimination 

reaction) 
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In a fascinating application of host-guest chemistry (an area founded by the late D. Cram, Donald Cram shared 
and for which he shared the Nobel Prize in Chemistry in 1987), benzyne itself has been the 1987 Nobel prize for 
pa А А his work on host-guest 
trapped at very low temperature inside a molecular container called a hemicarcerand. Under снају 
these conditions, R. Warmuth and Cram found that the incarcerated benzyne was sufficiently | 
stabilized for its 'H and С NMR spectra to be recorded (see Fig. 21.2), before it ultimately 
underwent a Diels—Alder reaction with the container molecule. 


Figure 21.2 A molecular 
graphic of benzyne (green) 
trapped in a hemicarcerand. 
Images of 13C NMR data 
from benzyne and a reaction 
used to synthesize it are 
shown in the white circles. 


21.11C Phenylation 


Reactions involving benzyne can be useful for formation of a carbon-carbon bond to a 
phenyl group (a process called phenylation). For example, if acetoacetic ester is treated with 
bromobenzene and two molar equivalents of sodium amide, phenylation of ethyl acetoac- 
etate occurs. The overall reaction is as follows: 


O O Br 
ДД 2 NaNH, OEt 
OEt Ы liq. NH, 


Malonic esters can be phenylated in an analogous way. This process is a useful comple- 
ment to the alkylation reactions of acetoacetic and malonic esters that we studied in Chapter 
18 because, as you may recall, substrates like bromobenzene are not susceptible to 52 reac- 
tions [see Section 6.14A and Review Problem 18.8(c)]. 


Solved Problem 21.7 


Outline a synthesis of phenylacetic acid from diethyl malonate. 


O 
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STRATEGY AND ANSWER Diethyl malonate must first be substituted at the а carbon by a phenyl group, and then 
hydrolyzed and decarboxylated. Introduction of the phenyl group requires involvement of a benzyne intermediate. 


Review Problem 21.10 


Review Problem 21.11 


Review Problem 21.12 


———————— ———— 


EtO OEt (3) heat OH 


Br 
Cy O © (1) NaOH O 
EN NaH, (2) HO* 
EtO OEt 


When o-chlorotoluene is subjected to the conditions used in the Dow process (1.е., aque- 
ous NaOH at 350°C at high pressure), the products of the reaction are o-cresol and m-cresol. 
What does this result suggest about the mechanism of the Dow process? 


When 2-bromo-1,3-dimethylbenzene is treated with sodium amide in liquid ammonia, 
no substitution takes place. This result can be interpreted as providing evidence for the 
elimination-addition mechanism. Explain how this interpretation can be given. 


(a) Outline a step-by-step mechanism for the phenylation of acetoacetic ester by bro- 
mobenzene and two molar equivalents of sodium amide. (Why are two molar equivalents 
of NaNHe necessary?) (b) What product would be obtained by hydrolysis and decarboxy- 
lation of the phenylated acetoacetic ester? (c) How would you prepare 2-phenylpropanoic 
acid from malonic ester? 


21.12 Spectroscopic Analysis of Phenols and Aryl Halides 


Infrared Spectra Phenols show a characteristic absorption band (usually broad) aris- 
ing from O—H stretching in the 3400-3600-cm ! region. Phenols and aryl halides also 
show the characteristic absorptions that arise from their benzene rings (see Section 14.11C). 


1H NMR Spectra The hydroxylic proton of a phenol is more deshielded than that of an 
alcohol due to proximity of the benzene 7 electron ring current. The exact position of the 
O—H signal depends on the extent of hydrogen bonding and on whether the hydrogen 
bonding is intermolecular or intramolecular. The extent of intermolecular hydrogen bond- 
ing depends on the concentration of the phenol, and this strongly affects the position of the 
O—H signal. In phenol, itself, for example, the position of the O—H signal varies from 
ô 2.55 for pure phenol to 6 5.63 at 1% concentration in ССЦ. Phenols with strong intramol- 
ecular hydrogen bonding, such as salicylaldehyde, show O—H signals between 6 0.5 and 
6 1.0, and the position of the signal varies only slightly with concentration. As with other 
protons that undergo exchange (Section 9.10), the identity of the O—H proton of a phe- 
nol can be determined by adding 020 to the sample. The O—H proton undergoes rapid 
exchange with deuterium and the proton signal disappears. The aromatic protons of phe- 
nols and aryl halides give signals in the 6 7—9 region. 


13¢ NMR Spectra The carbon atoms of the aromatic ring of phenols and aryl halides 
appear in the region 6 135-170. 


Mass Spectra Mass spectra of phenols often display a prominent molecular ion peak, 
М. Phenols that have a benzylic hydrogen produce ап М — 1 peak that can be larger than 
the M* peak. 


21.12 Spectroscopic Analysis of Phenols and Aryl Halides 
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THE CHEMISTRY OF... 


Aryl Halides: Their Uses and Environmental Concerns 


Aryl Halides as Insecticides 


Insects, especially mosquitoes, fleas, and lice, have been 
responsible for innumerable human deaths throughout history. 
The bubonic plague or "black death" of medieval times that 
killed nearly one-third of Europe's population was borne by 
fleas. Malaria and yellow fever, diseases that were responsible 
for the loss of millions of lives in the twentieth century alone, 
are mosquito-borne diseases. 

One compound widely known for its insecticidal properties 
and environmental effects is DDT [1,1,1-trichloro-2,2-bis(4- 
chlorophenyl)ethane]. 


CI | | Cl 


OO; 


DDT 
[1,1,1-trichloro-2,2- 
bis(4-chlorophenyl)ethane] 


From the early 1940s through the early 1970s, when its use 
was banned in the United States, vast quantities of DDT were 
sprayed over many parts of the world in an effort to destroy 
insects. These efforts rid large areas of the world of disease- 
carrying insects, especially those responsible for malaria, yel- 
low fever, sleeping sickness (caused by tsetse flies), and typhus. 
Though it has since resurged, by 1970, malaria had been 


Cl 


In nature the principal decomposition product of DDT is 


DDE. 
Cl | | Cl 
| 


Cl Cl 
DDE 
[1,1-dichloro-2,2- 
bis(4-chlorophenyl)ethene] 


DDT. 


largely eliminated from the developed world. According to 
estimates by the National Academy of Sciences, the use of 
DDT during that time had prevented more that 500 million 
deaths from malaria alone. 

Eventually it began to become clear that the prodigious use 
of DDT had harmful side effects. Aryl halides are usually highly 
stable compounds that are only slowly destroyed by natural 
processes. As a result they remain in the environment for years; 
they are what we now call “persistent insecticides” or “hard 
insecticides.” The U.S. Environmental Protection Agency 
banned the use of DDT beginning in 1973. 

Aryl halides are also fat soluble and tend to accumulate in 
the fatty tissues of most animals. The food chain that runs from 
plankton to small fish to birds and to larger animals, including 
humans, tends to magnify the concentrations of aryl halides 
at each step. 

The chlorohydrocarbon DDT is prepared from inexpensive 
starting materials, chlorobenzene and trichloroacetaldehyde. 
The reaction, shown here, is catalyzed by acid. 


Cl Cl 
~ QQ 


H,S 
— 


CCla 
DDT 
[1,1,1-trichloro-2,2- 
bis(4-chlorophenyl)ethane] 


Estimates indicate that nearly 1 billion pounds of DDT 
were spread throughout the world ecosystem. One pro- 
nounced environmental effect of DDE, after conversion from 
DDT, has been in its action on eggshell formation in many 
birds. DDE inhibits the enzyme carbonic anhydrase that con- 
trols the calcium supply for shell formation. As a consequence, 
the shells are often very fragile and do not survive to the time 
of hatching. During the late 1940s the populations of eagles, 
falcons, and hawks dropped dramatically. There can be little 
doubt that DDT was primarily responsible. DDE also accu- 
mulates in the fatty tissues of humans. Although humans 
appear to have a short-range tolerance to moderate DDE lev- 
els, the long-range effects are uncertain. 
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Study Problem 1 


Phenols and Aryl Halides 


The mechanism for the formation of DDT from chlorobenzene and trichloroacetaldehyde in 


sulfuric acid involves two electrophilic aromatic substitution reactions. In the first electrophilic 
substitution reaction, the electrophile is protonated trichloroacetaldehyde. In the second, the 
electrophile is a carbocation. Propose a mechanism for the formation of DDT. 


Study Problem 2 


Organic Halides as Herbicides 


Other chlorinated organic compounds have been used exten- 
sively as herbicides. The following two examples are 2,4-D and 


2,4,5-T. 
O 
o À 
OH 


CI R = Cl; 2,4,5-T 
(2,4,5-trichlorophenoxy- 
R acetic acid) 


a R =H; 2,4-0 


(2,4-dichlorophenoxy- 
acetic acid) 


Enormous quantities of these two compounds were used 
in an approximately 1:1 mixture as the defoliant Agent Orange 
during the Vietnam War. Some samples of 2,4,5-T were shown 
to be teratogenic (a fetus-deforming agent), and its use has 
been banned in the United States. 


2,3,7,8-Tetrachlorodibenzodioxin 
(also called TCDD) 


This dioxin is also highly stable; it persists in the environ- 
ment and because of its fat solubility can be passed up the 
food chain. In sublethal amounts it can cause a disfiguring skin 
disease called chloracne. 


Polychlorinated Biphenyls (PCBs) 


Mixtures of polychlorinated biphenyls have been produced 
and used commercially since 1929. In these mixtures, 
biphenyls with chlorine atoms at any of the numbered posi- 
tions (see the following structure) may be present. In all, there 
are 210 possible compounds. A typical commercial mixture 
may contain as many as 50 different PCBs. Mixtures are usu- 
ally classified on the basis of their chlorine content, and most 
industrial mixtures contain from 40 to 60% chlorine. 


Biphenyl 


Polychlorinated biphenyls have had a multitude of uses: as 
heat-exchange agents in transformers; in capacitors, ther- 
mostats, and hydraulic systems; as plasticizers in polystyrene 
coffee cups, frozen food bags, bread wrappers, and plastic lin- 
ers for baby bottles. They have been used in printing inks, in 
carbonless carbon paper, and as waxes for making molds for 
metal castings. Between 1929 and 1972, about 500,000 met- 
ric tons of PCBs were manufactured. 


What kind of reaction is involved in the conversion of DDT to DDE? 


Polychlorinated biphenyls are highly persistent in the envi- 
ronment, and, being fat soluble, tend to accumulate in the 
food chain. PCBs have been found in rainwater, in many 
species of fish, birds, and other animals (including polar bears) 
all over the globe, and in human tissue. Fish that feed in PCB- 
contaminated waters, for example, have PCB levels 
1000-100,000 times the level of the surrounding water, and 
this amount is further magnified in birds that feed on the fish. 
The toxicity of PCBs depends on the composition of the indi- 
vidual mixture. 

As late as 1975, industrial concerns were legally dis- 
charging PCBs into the Hudson River. In 1977, the EPA 
banned the direct discharge into waterways, and since 
1979 their manufacture, processing, and distribution have 
been prohibited. In 2000 the EPA specified certain sections 
of the Hudson River for cleanup of PCBs. In 2009, a plan 
to decontaminate parts of the Hudson River by dredging 
was finally implemented. See "The Chemistry of ... 
Bacterial Dehalogenation of a PCB Derivative" (Section 
21.11B) for a potential method of PCB remediation. 


Polybrominated Biphenyls and Biphenyl Ethers 
(PBBs and PBDEs) 


As with polychlorinated biphenyls (PCBs), polybrominated aro- 
matic compounds have been used in industry since the early 
twentieth century. The fire retardant properties of polybromi- 
nated and polychlorinated biphenyls and biphenyl ethers, for 
example, led to their use in building materials, furniture, cloth- 
ing, and other consumer items. However, the 1970s discovery 
in Michigan of polybrominated biphenyls (PBBs) in feed for 
livestock, and subsequently in meat and dairy products, led 
to suspension of the use of PBBs in 1979. 


Br, Bry 
х+ у= 1-10 
Polybrominated biphenyls 
(PBBs) 
O 
Br, Br, 
x+y=1-10 
Polybrominated diphenyl ethers 
(PBDEs) 


(x and y indicate the possibility of multiple bromine 
substitution sites on each ring.) 


oH 
Problems 991 


Meanwhile, there is mounting concern about polybro- toxicity to humans and other animals. As with PCBs, poly- 
modiphenyl ethers (PBDEs). Although use of PBDEs could ^ brominated biphenyls and polybrominated diphenyl ethers 
potentially save lives and property in their roles as flame retar- persist in the environment and accumulate in fatty biological 
dants, these compounds are now widespread іп the environ- ^ tissues. PBDEs have been found in birds, fish, and breast milk. 


ment, and studies have led to significant concern about their = They are now banned іп a number of areas. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are (пете 
defined in the glossary (а the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


ME Note to Instructors: в of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


PHYSICAL PROPERTIES 
21.13 Rank the following in order of increasing acidity. 
OH OH OH О OH | 
OCH NO CF 
3 2 3 CF3 
21.14 Without consulting tables, select the stronger acid from each of the following pairs: 
(a) 4-Methylphenol and 4-fluorophenol (d) 4-Methylphenol and benzyl alcohol 
(b) 4-Methylphenol and 4-nitrophenol (e) 4-Fluorophenol and 4-bromophenol 
(c) 4-Nitrophenol and 3-nitrophenol 
21.15 What products would be obtained from each of the following acid-base reactions? 
(a) Sodium ethoxide in ethanol + phenol —> 
(b) Phenol + aqueous sodium hydroxide — 
(c) Sodium phenoxide + aqueous hydrochloric acid —> 


(d) Sodium phenoxide + НО + COs — 


21.16 Describe a simple chemical test that could be used to distinguish between members of each of the following pairs 


of compounds: 
(a) 4-Chlorophenol and 4-chloro-1-methylbenzene (c) 4-Methylphenol and 2,4,6-trinitrophenol 
(b) 4-Methylphenol and 4-methylbenzoic acid (d) Ethyl phenyl ether and 4-ethylphenol 


GENERAL REACTIONS 
21.17 Complete the following equations: 


(a) Phenol + Bro “226. 65 


(д) cH )-он + p-toluenesulfonyl chloride -5p >? 


(b) Phenol + concd Н2504 Ga (c) Phenol + concd HSO; Asc? 


992 Chapter 21 Phenols and Aryl Halides 


(e) Phenol + Br; 0° О 
2 
О (i Phenol + (.. Д), t 
(f Phenol + О — 
(j) Phenol + NaH — 
O 
(k) Product of (j) + CH30SO20CH3 —> 
(g) p-Cresol + Bro un 
? (I) Product of (j) + СНа! —> 
O 
(m) Product of (j) + CgHs5CH2Cl —> 
(h) Phenol + Сене Cl pesa 


21.18  Predict the product of the following reactions. 


(a) (f) ^ B 
ок HBr ( НВг (excess) (1) NaH, ~~ r 
(2) heat 


"O 
NaN S EN HNO, HSO, 
Ф Br IEEE 
(2) 


OH A A 
[9] 
=Z ~ z NaN ПЕН NH, 
OCH3 
OH 
Br, (excess) 
H,O 
НзС 


о о 
BR HK AOE 
excess 


OH 


(d) 


ДОВОН: 


SA 


(e) 


MECHANISMS AND SYNTHESIS 
21.19  Asynthesis of the B-receptor blocker called toliprolol begins with a reaction between 3-methylphenol and epichloro- 
hydrin. The synthesis is outlined below. Give the structures of the intermediates and of toliprolol. 
он“ 
3-Methylphenol + D^ “а => Ор ог = 
Epichlorohydrin 


(CH3;CHNH, 
=> 


C,.H,,0, toliprolol, C,,H.,NO, 


21.20 


21.21 


21.22 


21.23 


21.24 


21.25 


21.26 


21.27 
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p-Chloronitrobenzene was allowed to react with sodium 2,6-di-tert-butylphenoxide with the intention of preparing 
the diphenyl ether 1. The product was not 1, but rather was an isomer of 1 that still possessed a phenolic hydroxyl 


group. 
C(CHj); 


C(CH3)s 
1 


What was this product, and how can one account for its formation? 


When m-chlorotoluene is treated with sodium amide in liquid ammonia, the products of the reaction are o-, m-, 
and p-toluidine (i.e., o-CHa3CgH4NHe, m-CH3CgH4NHp, and p-CH3C6H4NHp9). Propose plausible mechanisms that 
account for the formation of each product. 


The herbicide 2,4-D can be synthesized from phenol and chloroacetic acid. Outline the steps involved. 


O 
o. À 0 
Оф" = 
OH 
CI 


CI 
2,4-D Chloroacetic 
(2,4-dichlorophenoxyacetic acid) acid 


The first synthesis of a crown ether (Section 11.16) by C. J. Pedersen (of the DuPont Company) involved treating 
1,2-benzenediol with di(2-chloroethyl) ether, (СІСН2СН2)20, in the presence of NaOH. The product was a com- 
pound called dibenzo-18-crown-6. Give the structure of dibenzo-18-crown-6 and provide a plausible mechanism 
for its formation. 


Provide a mechanism for the following reaction. О OH 


Provide a mechanism for the following reaction. OH 


The widely used antioxidant and food preservative called BHA (butylated hydroxyanisole) is actually a mixture 
of 2-tert-butyl-4-methoxyphenol and 3-tert-butyl-4-methoxyphenol. BHA is synthesized from p-methoxyphenol 
and 2-methylpropene. (a) Suggest how this is done. (b) Another widely used antioxidant is BHT (butylated hydroxy- 
toluene). BHT is actually 2,6-di-tert-butyl-4-methylphenol, and the raw materials used in its production are p-cresol 
and 2-methylpropene. What reaction is used here? 


Provide a mechanism for the following reaction. 


NO 805 NO 
^ 5 2 а 


O 
CL NaOCH, 
OH NO2 NO2 
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21.30 


21.31 


21.32 
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Account for the fact that the Dow process for the production of phenol produces both diphenyl ether (1) and 4- 
hydroxybiphenyl (2) as by-products: 


C y? Cy C7 


1 


Predict the outcome of the following reactions: 


CN NH 
Cl СНз 
2 едиіу. КМН 2 equiv. NaNH 
- =. y LULLA 
iq. NH, liq. NH, 
-33°C CI — 83°C 


Explain how it is possible for 2,2'-dihydroxy-1,1'-binaphthyl (shown at right) to exist in 
enantiomeric forms. CY: 
OH 


Phenols are often effective antioxidants (see Problem 21.26 and “The Chemistry of . . . Antioxidants” in Section 
10.11) because they are said to “trap” radicals. The trapping occurs when phenols react with highly reactive radi- 
cals to produce less reactive (more stable) phenolic radicals. (a) Show how phenol itself might react with an alkoxyl 
radical (RO-) in a hydrogen abstraction reaction involving the phenolic —OH. (b) Write resonance structures for 
the resulting radical that account for its being relatively unreactive. 


SPECTROSCOPY 


A compound X (C46H44O) dissolves in aqueous sodium hydroxide but is insoluble in aqueous sodium bicarbon- 
ate. Compound X reacts with bromine in water to yield a dibromo derivative, C49H42BroO. The 3000—4000 ст! 
region of the IR spectrum of X shows а broad peak centered at 3250 ст“ !; the 680-840 cm ! region shows a strong 
peak at 830 ст“ !. The 'H NMR spectrum of X gives the following: singlet at ô 1.3 (9H), singlet at 8 4.9 (1H), and 
multiplet at 6 7.0 (4H). What is the structure of X? 


Compound Z (С5Н 100) decolorizes bromine in carbon tetrachloride. The IR spectrum of Z shows a broad peak in the 
3200-3600 ст! region. The 300-MHz 'H NMR spectrum of Z is given in Fig. 21.3. Propose a structure for Z. 


Z, Hoo 


LM 


5.45 5.40 5.35 4.15 4.10 4.05 1.75 1.70 1.65 TMS 


1 J, 


бн (ppm) 


Figure 21.3 The 300-MHz 1H NMR spectrum of compound Z (Problem 21.33). Expansions of the 
signals are shown in the offset plots. 


eis 


~ 
E 
o 
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Challenge Problems 


21.34 Explain why, in the case shown, the allyl group has migrated with no change having occurred in the position of 
the labeled carbon atom within the allyl group: 


ОИ он 


21.35 In protic solvents the naphthoxide ion (I) is alkylated primarily at position 1 (C-alkylation) whereas in polar арго- 
tic solvents, such as DMF, the product is almost exclusively the result of a conventional Williamson ether synthe- 
sis (O-alkylation): 


H 
OH O- OR 
RBr RBr 
<< = 
solvent 


I 


Why does the change in solvent make a difference? 


21.36 In comparing nucleophilic aromatic substitution reactions that differ only in the identity of the halogen that is the 
leaving group in the substrate, it is found that the fluorinated substrate reacts faster than either of the cases where 
bromine or chlorine is the leaving group. Explain this behavior, which is contrary to the trend among the halogens 
as leaving groups in Syl and Sy2 reactions (in protic solvents). 


21.37 In the case of halogen-substituted azulenes, a halogen atom on C6 can be displaced by nucleophiles while one on 
C1 is unreactive toward nucleophiles. Rationalize this difference in behavior. 


21.38 In the Sommelet-Hauser rearrangement, a benzyl quaternary ammonium salt reacts with a strong base to give a 


benzyl tertiary amine, as exemplified below: CH3 

| + 

N 

\ Сн; СНз 

СНз „CH 

NH,- | 
x СНз 

Suggest а mechanism for this rearrangement. 

21.39  Hexachlorophene was a widely used germicide until it was banned in 1972 OH OH 
after tests showed that it caused brain damage in test animals. Suggest how CI CH CI 
this compound might be synthesized, starting with benzene. = 

CI CI 


CI Cl 
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21.40 The Fries rearrangement occurs when a phenolic ester is heated with a Friedel-Crafts catalyst such as AlCl: 


21.41 


21.42 


O 


oe OH O OH 
о 0“. 
O^ ^R 


The reaction may produce both ortho and para acylated phenols, the former generally favored by high tempera- 
tures and the latter by low temperatures. (a) Suggest an experiment that might indicate whether the reaction is inter- 
or intramolecular. (b) Explain the temperature effect on product formation. 


Compound W was isolated from a marine annelid commonly used in Japan as a fish bait, and it was shown to be 
the substance that gives this organism its observed toxicity to some insects that contact it. 
MS (m/z): 151 (relative abundance 0.09), 149 (M-*, rel. abund. 1.00), 148 
IR (ст |): 2960, 2850, 2775 
!H NMR (6): 2.3 (s, 6H), 2.6 (d, 4H), and 3.2 (pentet, 1H) 
ЗС NMR (ô): 38 (CH3), 43 (CH2), and 75 (CH) 
These reactions were used to obtain further information about the structure of W: 
NaBH, , CeHsCOC! Y Raney Ni : 


W X 


Compound X had a new infrared band at 2570 ст! and these NMR data: 
1H NMR (8): 1.6 (t, 2H), 2.3 (s, 6H), 2.6 (m, 4H), and 3.2 (pentet, 1H) 
13C NMR (ô): 28 (CH2), 38 (CH3), and 70 (CH) 
Compound Y had these data: 
IR (cm !): 3050, 2960, 2850, 1700, 1610, 1500, 760, 690 
1H NMR (ô): 2.3 (s, 6H), 2.9 (d, 4H), 3.0 (pentet, 1H), 7.4 (m, 4H), 7.6 (m, 2H), and 8.0 (m, 4H) 
13C NMR (8): 34 (CH2), 39 (CH3), 61 (CH), 128 (CH), 129 (CH), 134 (CH), 135 (C), and 187 (C) 
Compound Z had 
MS (m/z): 87 (М.?), 86, 72 
IR (стг !): 2960, 2850, 1385, 1370, 1170 
ІН NMR (ô): 1.0 (d, 6H), 2.3 (s, 6H), and 3.0 (heptet, 1H) 
13C NMR (8): 21 (CH3), 39 (CH3), and 55 (CH) 
What are the structures of W and of each of its reaction products X, Y, and Z? 


Z 


Phenols generally are not changed on treatment with sodium borohydride followed by acidification to destroy the 
excess, unreacted hydride. For example, the 1,2-, 1,3-, and 1,4-benzenediols and 1,2,3-benzenetriol are unchanged 
under these conditions. However, 1,3,5-benzenetriol (phloroglucinol) gives a high yield of a product A that has 
these properties: 


MS (m/z): 110 

IR (ст !): 3250 (broad), 1613, 1485 

!H NMR (6 in DMSO): 6.15 (m, 3H), 6.89 (t, 1H), and 9.12 (s, 2H) 
(a) What is the structure of A? 


(b) Suggest a mechanism by which the above reaction occurred. (1,3,5-Benzenetriol is known to have more ten- 
dency to exist in a keto tautomeric form than do simpler phenols.) 
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21.43 Open the molecular model file for benzyne and examine the following molecular orbitals: the LUMO (lowest unoc- 
cupied molecular orbital), the HOMO (highest occupied molecular orbital), the HOMO-1 (next lower energy orbital), 
the HOMO-2 (next lower in energy), and the HOMO-3 (next lower in energy). (a) Which orbital best represents 
the region where electrons of the additional 7 bond in benzyne would be found? (b) Which orbital would accept 
electrons from a Lewis base on nucleophilic addition to benzyne? (c) Which orbitals are associated with the six 7r 
electrons of the aromatic system? Recall that each molecular orbital can hold a maximum of two electrons. 


Learning Group Problems 


1. Thyroxine is a hormone produced by the thyroid gland that is involved in regulating metabolic activity. In a pre- 
vious Learning Group Problem (Chapter 15) we considered reactions involved in a chemical synthesis of thyrox- 
ine. The following is a synthesis of optically pure thyroxine from the amino acid tyrosine (also see Problem 2, below). 
This synthesis proved to be useful on an industrial scale. (Scheme adapted from Fleming, L, Selected Organic 
Syntheses, pp. 31-33. O 1973 John Wiley & Sons, Limited. Reproduced with permission.) 


(a) 1to2 What type of reaction is involved in the conversion of 1 to 2? Write a detailed mechanism for this trans- 
formation. Explain why the nitro groups appear where they do in 2. 
(b)2to3 (i) Write a detailed mechanism for step (1) in the conversion of 2 to 3. 
(ii) Write a detailed mechanism for step (2) in the conversion of 2 to 3. 
(iii) Write a detailed mechanism for step (3) in the conversion of 2 to 3. 
(c) 3to4 (i) What type of reaction mechanism is involved in the conversion of 3 to 4? 
(ii) Write a detailed mechanism for the reaction from 3 to 4. What key intermediate is involved? 
(d) 5to 6 Write a detailed mechanism for conversion of the methoxyl group of 5 to the phenolic hydroxyl of 6. 


ON ON 
HO мн, sho N мн, a CCOO Тео / N NHCOCH, 
"СООН \= V..coon (8) TsCI, pyridine — У соов 
H O,N H ОМ H 
Tyrosine (1) 2 3 
OCH, 
| pyridine 
| on 7" 
| \ ; N 1) Hp, Pd/C J \ 
CHO JO a NHCOCH,< c Hoo CHO 0—0 # N= NHCOCH, 
— У.соов (3) Ip, Nal — У.соов 
| H ON H 
5 4 
|" CH,CO,H 


I, Et,NH 
–=== "НО 


(—)-Thyroxine 


998 Chapter 21 Phenols and Aryl Halides 


2. Tyrosine is an amino acid with a phenolic side chain. Biosynthesis in plants and microbes of tyrosine involves enzy- 
matic conversion of chorismate to prephenate, below. Prephenate is then processed further to form tyrosine. These 
steps are shown here: 


CO, 


chorismate mutase 
Bass rcd ast d 


HO H 
Prephenate 
" 
prephenate NAD 
h 
dehydrogenase NADH + CO; 
CO,- CO,- 
NH,* О 
aminotransferase 
< 
a-ketoglutarate glutamate 
OH OH 
Tyrosine 4-Hydroxyphenylpyruvate 


(a) There has been substantial research and debate about the enzymatic conversion of chorismate to prephenate by 
chorismate mutase. Although the enzymatic mechanism may not be precisely analogous, what laboratory reac- 
tion have we studied in this chapter that resembles the biochemical conversion of chorismate to prephenate? 
Draw arrows to show the movement of electrons involved in such a reaction from chorismate to prephenate. 


(b) When the type of reaction you proposed above is applied in laboratory syntheses, it is generally the case that 
the reaction proceeds by a concerted chair conformation transition state. Five of the atoms of the chair are car- 
bon and one is oxygen. In both the reactant and product, the chair has one bond missing, but at the point of the 
bond reorganization there is roughly concerted flow of electron density throughout the atoms involved in the 
chair. For the reactant shown below, draw the structure of the product and the associated chair conformation 
transition state for this type of reaction: 


(c) Draw the structure of the nicotinamide ring of NAD* and draw mechanism arrows to show the decarboxyla- 
tion of prephenate to 4-hydroxyphenylpyruvate with transfer of the hydride to МАР“ (this is the type of process 
involved in the mechanism of prephenate dehydrogenase). 


(d) Look up the structures of glutamate (glutamic acid) and a-ketoglutarate and consider the process of transami- 
nation involved in conversion of 4-hydroxyphenylpyruvate to tyrosine. Identify the source of the amino group 
in this transamination (i.e., what is the amino group “допог 2). What functional group is left after the amino 
group has been transferred from its donor? Propose a mechanism for this transamination. Note that the mech- 
anism you propose will likely involve formation and hydrolysis of several imine intermediates—reactions sim- 
ilar to others we studied in Section 16.8. 
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Sialyl Lewis”, a carbohydrate that is important in the 
recognition and healing of traumatized tissue. 


White blood cells continually patrol the circulatory system and interstitial soaces, ready for mobilization at a site 
of trauma. The frontline scouts for leukocytes are carbohydrate groups on their surface called sialyl Lewis* acids. 
When injury occurs, cells at the site of trauma display proteins, called selectins, that signal the site of injury and 
bind sialyl Lewis” acids. Binding between selectins and the sialyl Lewis* acids on the leukocytes causes adhesion 
of leukocytes at the affected area. Recruitment of leukocytes in this way is an important step in the inflammatory 
cascade. It is a necessary part of the healing process as well as part of our natural defense against infection. A 
molecular model of a sialyl Lewis* acid is shown above, and its structural formula is given in Section 22.16. 

There are some maladies, however, that result from the over-enthusiastic recruitment of leukocytes. 
Rheumatoid arthritis, strokes, and injuries related to perfusion during surgery and organ transplantation are a 
few examples. In these conditions, the body perceives that certain cells are under duress, and it reacts accord- 
ingly to initiate the inflammatory cascade. Unfortunately, under these circumstances the inflammatory cascade 
actually causes greater harm than good. 

A strategy for combating undesirable initiation of the inflammatory cascade is to disrupt the adhesion of 
leukocytes. This can be done by blocking the selectin binding sites for sialyl Lewis* acids. Chemists have 
advanced this approach by synthesizing both natural and mimetic sialyl Lewis* acids for studies on the binding 
process. These compounds have helped identify key functional groups in sialyl Lewis* acids that are required 
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Patrolling leukocytes bind at the site of 
trauma by interactions between sialyl 
Lewis* glycoproteins on their surface and 


Bound Vascular 


; iex 
Sialyl Lewis channel 


glycopeptides leukocyte 


selectin proteins on the injured cell. 
(Reprinted with permission from Simanek, 
aos E.E.; McGarvey, G.J.; Jablonowski, J.A.; 


Wong, C.A., Chemical Reviews, 98, p. 835, 
Figure 1, 1998. Copyright 1998 American 


Chemical Society.) 
Vascular 


Selectin wall 
=> 


Site of Cytokines 
trauma 


for recognition and binding. Chemists have even designed and synthesized novel 
compounds that have tighter binding affinities than the natural sialyl Lewis* acids. 
Among them are polymers with repeating occurrences of the structural motifs 
essential for binding. These polymeric species presumably occupy multiple sialyl 
Lewis* acid binding sites at once, thereby binding more tightly than monomeric 
sialyl Lewis* acid analogs. 


Endothelial 
cells 


Efforts like these to prepare finely tuned molecular agents are typical of 
research in drug discovery and design. In the case of sialyl Lewis* acid analogs, 
chemists hope to create new therapies for chronic inflammatory diseases by mak- 
ing ever-improved agents for blocking undesired leukocyte adhesion. 


22.1A Classification of Carbohydrates 


The group of compounds known as carbohydrates received their general name because 
of early observations that they often have the formula C4(H2O)—that is, they appear 
to be “hydrates of carbon.” Simple carbohydrates are also known as sugars or saccha- 
rides (Latin saccharum, Greek sakcharon, sugar) and the ending of the names of most 
sugars is -ose. Thus, we have such names as sucrose for ordinary table sugar, glucose 
for the principal sugar in blood, fructose for a sugar in fruits and honey, and maltose for 
malt sugar. 


@ Carbohydrates are usually defined as polyhydroxy aldehydes and ketones or sub- 
stances that hydrolyze to yield polyhydroxy aldehydes and ketones. They exist pri- 
marily in their hemiacetal or acetal forms (Section 16.7). 


The simplest carbohydrates, those that cannot be hydrolyzed into simpler carbohydrates, 
are called monosaccharides. On a molecular basis, carbohydrates that undergo hydroly- 
sis to produce only 2 molecules of monosaccharide are called disaccharides; those that 
yield 3 molecules of monosaccharide are called trisaccharides; and so on. (Carbohydrates 
that hydrolyze to yield 2-10 molecules of monosaccharide are sometimes called oligosac- 
charides.) Carbohydrates that yield a large number of molecules of monosaccharides (7 10) 
are known as polysaccharides. 

Maltose and sucrose are examples of disaccharides. On hydrolysis, 1 mol of maltose 
yields 2 mol of the monosaccharide glucose; sucrose undergoes hydrolysis to yield 1 mol of 
glucose and 1 mol of the monosaccharide fructose. Starch and cellulose are examples 


22.1 Introduction 


< Helpful Hint 


You may find it helpful now to 
review the chemistry of 
hemiacetals and acetals 

(Section 16.7). 
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of polysaccharides; both are glucose polymers. Hydrolysis of either yields a large number 
of glucose units. The following shows these hydrolyses in a schematic way: 


O O O 
н.о“ 
б AR AU i A 


1 mol of maltose 2 mol of glucose 
A disaccharide A monosaccharide 


O O 
H4O* 
о. 9 е6 · 5 27 


1 mol of sucrose 1 mol of glucose + 1 mol of fructose 
A disaccharide Monosaccharides 


О О О - О 
OB) - = + 


1 mol of starch or 
1 mol of cellulose many moles of glucose 
Polysaccharides Monosaccharides 


Carbohydrates are the most abundant organic constituents of plants. They not only serve 
as an important source of chemical energy for living organisms (sugars and starches are 
important in this respect), but also in plants and in some animals they serve as important 
constituents of supporting tissues (this is the primary function of the cellulose found in 
wood, cotton, and flax, for example). 

We encounter carbohydrates at almost every turn of our daily lives. The paper on which 
this book is printed is largely cellulose; so, too, is the cotton of our clothes and the wood 
of our houses. The flour from which we make bread is mainly starch, and starch is also a 
major constituent of many other foodstuffs, such as potatoes, rice, beans, corn, and peas. 
Carbohydrates are central to metabolism, and they are important for cell recognition (see 
the chapter opening vignette and Section 22.16). 


22.1B Photosynthesis and Carbohydrate Metabolism 


Carbohydrates are synthesized in green plants by photosynthesis—a process that uses solar 
energy to reduce, or “fix,” carbon dioxide. Photosynthesis in algae and higher plants occurs 
in cell organelles called chloroplasts. The overall equation for photosynthesis can be writ- 
ten as follows: 
X CO» + y H20 + solar energy — C,(H5O), + x O2 
Carbohydrate 


Many individual enzyme-catalyzed reactions take place in the general photosynthetic process 
Schematic diagram of a and not all are fully understood. We know, however, that photosynthesis begins with the absorp- 
chloroplast from corn. (Reprinted tion of light by the important green pigment of plants, chlorophyll (Fig. 22.1). The green color 
with permission of John Wiley & of chlorophyll and, therefore, its ability to absorb sunlight in the visible region are due pri- 
Sons, Inc., from Vost, D. and marily to its extended conjugated system. As photons of sunlight are trapped by chlorophyll, 
Voet, J. G., Biochemistry, Second А : А 
Edition. © 1995 Voet, D. and energy becomes available to the plant in a chemical form that can be used to carry out the reac- 
Voet, J. G.) tions that reduce carbon dioxide to carbohydrates and oxidize water to oxygen. 
Carbohydrates act as a major chemical repository for solar energy. Their energy is 
released when animals or plants metabolize carbohydrates to carbon dioxide and water: 


C,(H20)y + x O2 > x CO» + y H20 + energy 
The metabolism of carbohydrates also takes place through a series of enzyme-catalyzed 


reactions in which each energy-yielding step is an oxidation (or the consequence of an 
oxidation). 


Aca 
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Figure 22.1 Chlorophyll a. [The structure of chlorophyll 
a was established largely through the work of H. Fischer 
(Munich), R. Willstátter (Munich), and J. B. Conant 

ES (Harvard). A synthesis of chlorophyll a from simple 
organic compounds was achieved by R. B. Woodward 
(Harvard) in 1960, who won the Nobel prize in 1965 for 


his outstanding contributions to synthetic organic 


chemistry.] 


Although some of the energy released in the oxidation of carbohydrates is inevitably con- 
verted to heat, much of it is conserved in a new chemical form through reactions that are 
coupled to the synthesis of adenosine triphosphate (ATP) from adenosine diphosphate (ADP) 
and inorganic phosphate (P;) (Fig. 22.2). The phosphoric anhydride bond that forms between 
the terminal phosphate group of ADP and the phosphate ion becomes another repository of 
chemical energy. Plants and animals can use the conserved energy of ATP (or very similar 
substances) to carry out all of their energy-requiring processes: the contraction of a muscle, 


Adenine 
NH, 
a N 
N | y 
s 
N N 
E 1 0 1 
OH HO\CH,—O | о ji OH + LE 
App H о H o- o- lon 
Ribose Diphosphate Hydrogen 
phosphate ion 
chemical energy from 
oxidation reactions 
NH, 
27 
i LS 
S 
N 
H i | | ? Figure 22.2 The synthesis of adenosine 
OH HONCH, —-O—P—O—P—O—P—O-+ H,O triphosphate (ATP) from adenosine 
| | | diphosphate (ADP) and hydrogen phosphate 
ATP H [e] H о" о" о" ion. This reaction takes place in all living 
New organisms, and adenosine triphosphate is the 
phosphoric major compound into which the chemical 
anhydride energy released by biological oxidations is 
bond transformed. 
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the synthesis of a macromolecule, and so on. When the energy in ATP is used, a coupled 
reaction takes place in which ATP is hydrolyzed, 


ATP + 20 — ADP + Pj + energy 
or a new anhydride linkage is created, 


О О 
С + АТР б 0 
—ә 
R^ ^он R^ све" 
(од 
Ап acyl phosphate 


Review Problem 22.1 


22.2A Classification of Monosaccharides 


Monosaccharides are classified according to (1) the number of carbon atoms present in the 
molecule and (2) whether they contain an aldehyde or keto group. Thus, a monosaccharide 
containing three carbon atoms is called a triose; one containing four carbon atoms is called 
a tetrose; one containing five carbon atoms is a pentose; and one containing six carbon atoms 
is a hexose. A monosaccharide containing an aldehyde group is called an aldose; one con- 
taining a keto group is called a ketose. These two classifications are frequently combined. 
A C, aldose, for example, is called an aldotetrose; a Cs ketose is called a ketopentose. 


icd 
H 
io NE а 
(ө) H 
ld = p d НЕА 
а р. и C A a 
CH,OH CH,OH CH,OH CH,OH 
An aldose A ketose An aldotetrose А ketopentose 
(C,) (C5) 


How many chirality centers are contained in (a) the aldotetrose and (b) the ketopentose just 
given? (c) How many stereoisomers would you expect from each general structure? 


22.2B D and L Designations of Monosaccharides 


The simplest monosaccharides are the compounds glyceraldehyde and dihydroxyacetone 
(see the following structures). Of these two compounds, only glyceraldehyde contains a chi- 
rality center. 


is CH,OH 
H—C— OH C=O 
CH,OH CH,OH 


Dihydroxyacetone 
(a ketotriose) 


Glyceraldehyde 
(an aldotriose) 


Glyceraldehyde exists, therefore, in two enantiomeric forms that are known to have the 
absolute configurations shown here: 


22.2 Monosaccharides 


Oso" Oso" 
0 апа Е 
CH,OH CH;OH 
(+)-Glyceraldehyde (—)-Glyceraldehyde 


We saw in Section 5.7 that, according to the Cahn-Ingold-Prelog convention, (+ )-glyc- 
eraldehyde should be designated (R)-(+)-glyceraldehyde and (—)-glyceraldehyde should 
be designated (S)-(—)-glyceraldehyde. 

Early in the twentieth century, before the absolute configurations of any organic com- 
pounds were known, another system of stereochemical designations was introduced. 
According to this system (first suggested by M. A. Rosanoff of New York University in 
1906), (+)-glyceraldehyde is designated D-(+)-glyceraldehyde and (— )-glyceraldehyde is 
designated L-(— )-glyceraldehyde. These two compounds, moreover, serve as configurational 
standards for all monosaccharides. A monosaccharide whose highest numbered chirality 
center (the penultimate carbon) has the same configuration as D-(+)-glyceraldehyde is des- 
ignated as a D sugar; one whose highest numbered chirality center has the same configu- 
ration as L-glyceraldehyde is designated as an L sugar. By convention, acyclic forms of 
monosaccharides are drawn vertically with the aldehyde or keto group at or nearest the top. 
When drawn in this way, D sugars have the — OH on their penultimate carbon on the right: 


1 rid 1 re 

2 ie md 2 с—0 
з H—C—OH 3 H—C—OH 
Неон 4 H—C—OH 

| HOm =H 

5 СНОН - — 7712 
highest numbered chirality center 
6 СНОН 
A D-aldopentose An L-ketohexose 


The p and L nomenclature designations are like (R) and (S) designations in that they are 
not necessarily related to the optical rotations of the sugars to which they are applied. Thus, 
one may encounter other sugars that are D-(+) or D-(—) and ones that are L-(+) or L-(—). 

The D-L system of stereochemical designations is thoroughly entrenched in the litera- 
ture of carbohydrate chemistry, and even though it has the disadvantage of specifying the 
configuration of only one chirality center—that of the highest numbered chirality center— 
we shall employ the D-L system in our designations of carbohydrates. 


Write three-dimensional formulas for each aldotetrose and ketopentose isomer in Review 
Problem 22.1 and designate each as a D or L sugar. 


22.2C Structural Formulas for Monosaccharides 


Later in this chapter we shall see how the great carbohydrate chemist Emil Fischer* was 
able to establish the stereochemical configuration of the aldohexose D-(+ )-glucose, the most 
abundant monosaccharide. In the meantime, however, we can use D-(+)-glucose as an exam- 
ple illustrating the various ways of representing the structures of monosaccharides. 


*Emil Fischer (1852-1919) was professor of organic chemistry at the University of Berlin. In addition to 
monumental work in the field of carbohydrate chemistry, where Fischer and co-workers established the 
configuration of most of the monosaccharides, Fischer also made important contributions to studies of amino 
acids, proteins, purines, indoles, and stereochemistry generally. As a graduate student, Fischer discovered 
phenylhydrazine, a reagent that was highly important in his later work with carbohydrates. Fischer was the 
second recipient (in 1902) of the Nobel Prize in Chemistry. 


Review Problem 22.2 
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Figure 22.3 Formulas 1-3 are 
used for the open-chain 
structure of D-(+)-glucose. 
Formulas 4-7 are used for the 
two cyclic hemiacetal forms of D- 
(+)-glucose. 


Helpful Hint 


Use molecular models to help you 
learn to interpret Fischer 
projection formulas. 


Chapter 22 Carbohydrates 


CHO CHO CHO 
H OH | gn H—— C он 
HO H ne " HO— C—H 
H OH H on H— C —OH 
H OH М 9H H— C он 
CH,OH CH,OH CH,OH 
Fischer Circle-and-line Wedge-line— 
projection formula dashed wedge 
formula formula 
1 2 3 


H OH 
Haworth formulas 
4 5 
||| || 
Ов OH 
о о 
HO 
HOSH HO 
a-D-(+)-Glucopyranose B-D-(+)-Glucopyranose 
6 7 


Fischer represented the structure of D-(+)-glucose with the cross formulation (1) in Fig. 
22.3. This type of formulation is now called a Fischer projection (Section 5.13) and is 
still useful for carbohydrates. In Fischer projections, by convention, horizontal lines pro- 
ject out toward the reader and vertical lines project behind the plane of the page. When we 
use Fischer projections, however, we must not (in our mind’s eye) remove them from the 
plane of the page in order to test their superposability and we must not rotate them by 90°. 
In terms of more familiar formulations, the Fischer projection translates into formulas 6 
and 7. In IUPAC nomenclature and with the Cahn-Ingold-Prelog system of stereochemi- 
cal designations, the open-chain form of D-(+)-glucose is (2R,3S,AR,5R)-2,3,4,5,6-pen- 
tahydroxyhexanal. 


The meaning of formulas 1, 2, and 3 can be seen best through the use of molecular 
models: We first construct a chain of six carbon atoms with the —CHO group at 
the top and a —CH2OH group at the bottom. We then bring the CH2OH group up 
behind the chain until it almost touches the —CHO group. Holding this model so 
that the — CHO and —CH2OH groups are directed generally away from us, we 
then begin placing —H and —OH groups on each of the four remaining carbon 
atoms. The —OH group of C2 is placed on the right; that of C3 on the left; and 
those of C4 and C5 on the right. 


CHOH 
н /| " 
I/ H | o 
HON H " Now 
C —um C 
| bu 


a-D-(+)-Glucopyranose 
(Starred —OH is the 
hemiacetal —OH, which in a-glucose is on 
the opposite side of the ring 
from the —CH,OH group at Cs.) 
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i „9 
"T 
Ме 
и 
= 
Biss 
Glucose 


(plane projection formula) 
When a model of this is made 
it will coil as follows: 


H 
ys CHOH 

н XI : 

41/~ OH i 

о CH—O 
OH H 

HO d 21 
s] | 
H OH 


If the group attached to C4 is 
pivoted as the arrows indicate, 
we have the structure below. 


CHOH H 
51, o^ 
ii ii 
OHS 
A 1 
и bu 


Open-chain form of D-glucose 
(The proton transfer step occurs 
between separate molecules. 
It is not intramolecular 
or concerted.) 


This —OH group adds 


across the —C—O 
to close a ring of 
six atoms and make 
a cyclic hemiacetal. 


CH;OH 
H T " c 
PA ~ „он 
~ad OH H NH 

C — C 

h OH 


B-D-(+)-Glucopyranose 
(Starred —OH is the 
hemiacetal —OH, 
which in B-glucose is on 
the same side of the ring 
as the —CH,OH group at Cs.) 


Figure 22.4 Haworth formulas for the cyclic hemiacetal forms of D-(+)-glucose and their relation 
to the open-chain polyhydroxy aldehyde structure. (Reprinted with permission of John Wiley & 
Sons, Inc., from Holum, J. R., Organic Chemistry: A Brief Course, p. 316. Copyright 1975.) 


Although many of the properties of D-(+)-glucose can be explained in terms of an open- 
chain structure (1, 2, or 3), a considerable body of evidence indicates that the open-chain 
structure exists, primarily, in equilibrium with two cyclic forms. These can be represented 
by structures 4 and 5 or 6 and 7. The cyclic forms of D-(+)-glucose are hemiacetals formed 
by an intramolecular reaction of the —OH group at C5 with the aldehyde group (Fig. 22.4). 
Cyclization creates a new chirality center at C1, and this chirality center explains how two 
cyclic forms are possible. These two cyclic forms are diastereomers that differ only in the 


configuration of C1. 
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Helpful Hint ча 


а and В also find common use іп 
steroid nomenclature (Section 
23.44). 
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€ In carbohydrate chemistry diastereomers differing only at the hemiacetal or acetal 
carbon are called anomers, and the hemiacetal or acetal carbon atom is called the 
anomeric carbon atom. 


Structures 4 and 5 for the glucose anomers are called Haworth formulas* and, although 
they do not give an accurate picture of the shape of the six-membered ring, they have many 
practical uses. Figure 22.4 demonstrates how the representation of each chirality center of 
the open-chain form can be correlated with its representation in the Haworth formula. 

Each glucose anomer is designated as an œ anomer or a 8 anomer depending on the 
location of the —OH group of C1. When we draw the cyclic forms of a D sugar in the ori- 
entation shown in Figs. 22.3 or 22.4, the а anomer has the — OH trans to the — CH20H 
group and the В anomer has the — OH cis to the —CH2OH group. 

Studies of the structures of the cyclic hemiacetal forms of D-(+)-glucose using X-ray 
analysis have demonstrated that the actual conformations of the rings are the chair forms 
represented by conformational formulas 6 and 7 in Fig. 22.3. This shape is exactly what 
we would expect from our studies of the conformations of cyclohexane (Chapter 4), and it 
is especially interesting to notice that in the 8 anomer of D-glucose all of the large sub- 
stituents, — OH and — СН2ОН, are equatorial. In the а anomer, the only bulky axial sub- 
stituent is the — OH at C1. 

It is convenient at times to represent the cyclic structures of a monosaccharide without 
specifying whether the configuration of the anomeric carbon atom is a or 8. When we do 
this, we shall use formulas such as the following: 


CH,OH 
OH 
| H У О 
OH HO 
OH H 
HÓ HO ids OH 
H OH 


The symbol ^w indicates o or В (three-dimensional view not specified). 


Not all carbohydrates exist in equilibrium with six-membered hemiacetal rings; in sev- 
eral instances the ring is five membered. (Even glucose exists, to a small extent, in equi- 
librium with five-membered hemiacetal rings.) Because of this variation, a system of 
nomenclature has been introduced to allow designation of the ring size. 


@ If the monosaccharide ring is six membered, the compound is called a pyranose; if 
the ring is five membered, the compound is designated as a furanose.** 


Thus, the full name of compound 4 (or 6) is a-D-(+)-glucopyranose, while that of 5 (or 7) 
is B-D-(+)-glucopyranose. 


*Haworth formulas are named after the English chemist W. N. Haworth (University of Birmingham), who, in 
1926, along with E. L. Hirst, demonstrated that the cyclic form of glucose acetals consists of a six-membered 
ring. Haworth received the Nobel prize for his work in carbohydrate chemistry in 1937. For an excellent 
discussion of Haworth formulas and their relation to open-chain forms, see “The Conversion of Open Chain 
Structures of Monosaccharides into the Corresponding Haworth Formulas,” Wheeler, D. M. S., Wheeler, M. M., 
and Wheeler, T. S., J. Chem. Educ. 1982, 59, 969—970. 


**These names come from the names of the oxygen heterocycles pyran and furan + ose: 


A pyran Furan 


22.3 Mutarotation 


Draw the -pyranose form of (а) in its lowest energy chair conformation, and a Fischer 
projection for (b). 


(a) CHO (b) oH OH 
H—1— OH О 
H—+—OH OH 
HO—}—H uo ПО 
H——OH OH 
CH2OH 


Part of the evidence for the cyclic hemiacetal structure for D-(+)-glucose comes from exper- 
iments in which both а and B forms have been isolated. Ordinary D-(+)-glucose has a melt- 
ing point of 146°C. However, when D-(+)-glucose is crystallized by evaporating an aqueous 
solution kept above 98°C, a second form of D-(+)-glucose with a melting point of 150°C 
can be obtained. When the optical rotations of these two forms are measured, they are found 
to be significantly different, but when an aqueous solution of either form is allowed to stand, 
its rotation changes. The specific rotation of one form decreases and the rotation of the other 
increases, until both solutions show the same value. A solution of ordinary D-(+)-glucose 
(mp 146°C) has an initial specific rotation of +112, but, ultimately, the specific rotation of 
this solution falls to +52.7. A solution of the second form of D-(+)-glucose (mp 150°C) 
has an initial specific rotation of + 18.7, but, slowly, the specific rotation of this solution 
rises to +52.7. 


@ This change in specific rotation toward an equilibrium value is called mutarotation. 


The explanation for this mutarotation lies in the existence of an equilibrium between 
the open-chain form of D-(+)-glucose and the а and f forms of the cyclic hemiacetals: 


On H 
OH H—+—OH OH 
ü О HO—1—H ü о 
ir MM e" Ru d 
on ——OH 
a-D-(+)-Glucopyranose Open-chain B-D-(+)-Glucopyranose 
(mp 146°C; [a] 25 = +112) form of (mp 150°C; [a]25 = +18.7) 


D-(+)-glucose 


X-Ray analysis has confirmed that ordinary D-(+)-glucose has the а configuration at 
the anomeric carbon atom and that the higher melting form has the 6 configuration. 

The concentration of open-chain D-(+)-glucose in solution at equilibrium is very small. 
Solutions of D-(+)-glucose give no observable UV or IR absorption band for a carbonyl 
group, and solutions of D-(+)-glucose give a negative test with Schiff's reagent—a special 
reagent that requires a relatively high concentration of a free aldehyde group (rather than 
a hemiacetal) in order to give a positive test. 

Assuming that the concentration of the open-chain form is negligible, one can, by use 
of the specific rotations in the preceding figures, calculate the percentages of the o and B 
anomers present at equilibrium. These percentages, 36% œ anomer and 64% B anomer, are 
in accord with a greater stability for B-D-(+)-glucopyranose. This preference is what we 
might expect on the basis of its having only equatorial groups: 
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OH OH 
HO 9 HO 9 
HO HO ` HO HO asa 
OH 
(axial) 
a-D-(+)-Glucopyranose В-р-(+)-а исоругапозе 
(36% at equilibrium) (64% at equilibrium) 


The B anomer of a pyranose is not always the more stable, however. With D-mannose, the 
equilibrium favors the a anomer, and this result is called an anomeric effect: 


OH OH OH OH 
O = О 
HO, о HO, о OH 
OH 
a-D-Mannopyranose В-р-Маппоругапозе 
(69% at equilibrium) (31% at equilibrium) 


The anomeric effect is widely believed to be caused by hyperconjugation. An axially ori- 
ented orbital associated with nonbonding electrons of the ring oxygen can overlap with a 
o* orbital of the axial exocyclic C—O hemiacetal bond. This effect is similar to that which 
causes the lowest energy conformation of ethane to be the anti conformation (Section 4.8). 
An anomeric effect will frequently cause an electronegative substituent, such as a hydroxyl 
or alkoxyl group, to prefer the axial orientation. 


22.4 Glycoside Formation 


When a small amount of gaseous hydrogen chloride is passed into a solution of D-(+)-glu- 
cose in methanol, a reaction takes place that results in the formation of anomeric methyl 


acetals: 
ra OH OH 
О CH,OH, HCI О О 
он Enon? OHO ~ + но ~ осн, 
x Оосн, Р 
D-(+)-Glucose Methyl a-D-glucopyranoside Methyl 8-D-glucopyranoside 
(mp 165°C; [o]25 = +158) (mp 107°C; [a] 25 = —33) 


@ Carbohydrate acetals are generally called glycosides (see the following mecha- 
nism), and an acetal of glucose is called a glucoside. (Acetals of mannose are man- 
nosides, acetals of fructose are fructosides, and so on.) 


The methyl p-glucosides have been shown to have six-membered rings (Section 22.2C) so 
they are properly named methyl a-p-glucopyranoside and methyl 8-p-glucopyranoside. 

The mechanism for the formation of the methyl glucosides (starting arbitrarily with B- 
D-glucopyranose) is as follows: 


22.4 Glycoside Formation 


A MECHANISM FOR THE REACTION 


Formation of a Glycoside 


OH 
HO О 
HO OCH, 
+HA OH ” 
Methyl B-D-glucopyranoside 
OH 
(b) 
Attack by the alcohol HO О HO О 
oxygen occurs on either face НА 
of the resonance-stabilized (b) HO HO 
carbocation. она +HA HO 
aen. :OCH, 


Н А Methyl a-D-glucopyranoside 
67 И 


You should review the mechanism for acetal formation given in Section 16.7B апа com- 
pare it with the steps given here. Notice, again, the important role played by the electron 
pair of the adjacent oxygen atom in stabilizing the carbocation that forms in the second 
step. 

Glycosides are stable in basic solutions because they are acetals. In acidic solutions, how- 
ever, glycosides undergo hydrolysis to produce a sugar and an alcohol (again, because they 
are acetals, Section 16.7B). The alcohol obtained by hydrolysis of a glycoside is known as 
an aglycone: 


OH OH 
О H,O, н,0+ О 
wo on AS HO o oH + ROH 
HO HO 
Glycoside A sugar Aglycone 


(stable in basic solutions) 


For example, when an aqueous solution of methyl B-D-glucopyranoside is made acidic, 
the glycoside undergoes hydrolysis to produce D-glucose as a mixture of the two pyranose 
forms (in equilibrium with a small amount of the open-chain form). 
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A MECHANISM FOR THE REACTION 


Hydrolysis of a Glycoside 


OH 


H OH н 
а. ПО SC —CH,OH 
HO СЕЕ HO ocn, +CH,OH 
HO HO 


Methyl 8-D-glucopyranoside 


:O—H 
OH i OH 
H H 
(a) HO О | —H,0* HO о. 
I ^ 
HO Он но" HO BH 
HO HO 
OH (a) н B-D-Glucopyranose 
a је 
LOT \ m OH OH 
HO О —H,O* O 
©) — HO — HO 
Attack by water (b) HO +H,0* HO 
occurs on either face of HO HO 
the resonance-stabilized Поди ОН 
carbocation. IS ӧн a-D-Glucopyranose 
A | 
H 


Glycosides may be as simple as the methyl glucosides that we have just studied or they 
may be considerably more complex. Many naturally occurring compounds are glycosides. 
An example is salicin, a compound found in the bark of willow trees: 


Carbohydrate — Aglycone 
moiety moiety 


Salicin 


As early as the time of the ancient Greeks, preparations made from willow bark were 
used in relieving pain. Eventually, chemists isolated salicin from other plant materials and 
were able to show that it was responsible for the analgesic effect of the willow bark prepa- 
rations. Salicin can be converted to salicylic acid, which in turn can be converted into the 
most widely used modern analgesic, aspirin (Section 21.8). 


Solved Problem 22.1 


In neutral or basic solutions, glycosides do not show mutarotation. However, if the solutions are made acidic, gly- 
cosides show mutarotation. Explain. 


ANSWER Because glycosides are acetals, they undergo hydrolysis in aqueous acid to form cyclic hemiacetals 
that then undergo mutarotation. Acetals are stable to base, and therefore in basic solution they do not show 
mutarotation. 
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(a) What products would be formed if salicin were treated with dilute aqueous HCI? Review Problem 22.4 


(b) Outline a mechanism for the reactions involved in their formation. 


How would you convert D-glucose to a mixture of ethyl o-p-glucopyranoside and ethyl B- Review Problem 22.5 
D-glucopyranoside? Show all steps in the mechanism for their formation. 


22.5 Other Reactions of Monosaccharides 


22.5A Enolization, Tautomerization, and Isomerization 


Dissolving monosaccharides in aqueous base causes them to undergo a series of enoliza- 
tions and keto—enol tautomerizations that lead to isomerizations. For example, if a solution 
of D-glucose containing calcium hydroxide is allowed to stand for several days, a number 
of products can be isolated, including D-fructose and D-mannose (Fig. 22.5). This type of 
reaction is called the Lobry de Bruyn-Alberda van Ekenstein transformation after the 
two Dutch chemists who discovered it in 1895. 

When carrying out reactions with monosaccharides, it is usually important to prevent 
these isomerizations and thereby to preserve the stereochemistry at all of the chirality cen- 
ters. One way to do this is to convert the monosaccharide to the methyl glycoside first. We 
can then safely carry out reactions in basic media because the aldehyde group has been con- 
verted to an acetal and acetals are stable in aqueous base. Preparation of the methyl gly- 
coside serves to “protect” the monosaccharide from undesired reactions that could occur 
with the anomeric carbon in its hemiacetal form. 


Epimerized 
at C-2 
Ho Ф Hag „© s о" Hes „© relative 
to D-glucose 
H OH =С— Он C — OH HO H 
OH- H,O 
НОН HO H <> HO H HO——H 
H,O OH- 
H—;—OH H—;— OH H——OH H——OH 
H—1— OH H—1— OH H—1— OH H—1— OH 
——OH — OH — OH ——OH 
= = 
р-СПисове Enolate ion р-Маппоѕе 
(open-chain form) 
H,O || OH- 
Carbonyl 
group H H 
isomerized CH,OH “< B 
to C-2 
relative C=O C—OH 
to D-glucose 
HO H tautomerization HO ——H 
OH H—— OH 
OH H—1— OH 
OH ——OH 
D-Fructose Enediol 


FIGURE 22.5 Monosaccharides undergo isomerizations via enolates and enediols when placed in 
aqueous base. Here we show how D-glucose isomerizes to D-mannose and to D-fructose. 
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22.5B Use of Protecting Groups in Carbohydrate Synthesis 


Protecting groups are functional groups introduced selectively to block the reactivity of cer- 
tain sites in a molecule while desired transformations are carried on elsewhere. After the 
desired transformations are accomplished, the protecting groups are removed. Laboratory 
reactions involving carbohydrates often require the use of protecting groups due to the mul- 
tiple sites of reactivity present in carbohydrates. As we have just seen, formation of a gly- 
coside (an acetal) can be used to prevent undesired reactions that would involve the anomeric 
carbon in its hemiacetal form. Common protecting groups for the alcohol functional groups 
in carbohydrates include ethers, esters, and acetals. 


22.5C Formation of Ethers 


€ Hydroxyl groups of sugars can be converted to ethers using a base and an alkyl 
halide by a version of the Williamson ether synthesis (Section 11.11B). 


Benzyl ethers are commonly used to protect hydroxyl groups in sugars. Benzyl halides are 
easily introduced because they are highly reactive in 532 reactions. Sodium or potassium 
hydride is typically used as the base in an aprotic solvent such as DMF or DMSO. The 
benzyl groups can later be easily removed by hydrogenolysis using a palladium catalyst. 


Benzyl Ether Formation 
OH OBn 
O O 
HO C,H,CH,Br BnO 
HO NaH in DMF, heat BnO 
HO BnO 
OMe OMe 
Bn = C,H,CH, 
Benzyl Ether Cleavage 
OBn OH 
О H,, Pd О 
BnO —2—э HO + 4C4H,CH, 
BnO HO 
BnO HO 
OMe OMe 


Methyl ethers can also be prepared. The pentamethyl derivative of glucopyranose, for 
example, can be synthesized by treating methyl glucoside with excess dimethyl sulfate in 
aqueous sodium hydroxide. Sodium hydroxide is a competent base in this case because the 
hydroxyl groups of monosaccharides are more acidic than those of ordinary alcohols due 
to the many electronegative atoms in the sugar, all of which exert electron-withdrawing 
inductive effects on nearby hydroxyl groups. In aqueous NaOH the hydroxyl groups are 
all converted to alkoxide ions, and each of these, in turn, reacts with dimethyl sulfate in an 
52 reaction to yield a methyl ether. The process is called exhaustive methylation: 


OH OH 
~ о o, О 
== ————————À 
Оно осн, Оно OCH, сн; 050;сн, 
HO Bi: У 


Methyl glucoside 


OH OCH, 
O repeated O 
Ноно OCH, methylations CH;O OCH, 
OCH, CH,O OCH, 


Pentamethyl derivative 
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Although not often used as protecting groups for alcohols in carbohydrates, methyl ethers 
have been useful in the structure elucidation of sugars. For example, evidence for the pyra- 
nose form of glucose can be obtained by exhaustive methylation followed by aqueous 
hydrolysis of the acetal linkage. Because the C2, C3, C4, and C6 methoxy groups of the 
pentamethyl derivative are ethers, they are not affected by aqueous hydrolysis. (To cleave 
them requires heating with concentrated HBr or HI, Section 11.12.) The methoxyl group at 
C1, however, is part of an acetal linkage, and so it is labile under the conditions of aque- 
ous hydrolysis. Hydrolysis of the pentamethyl derivative of glucose gives evidence that the 
C5 oxygen was the one involved in the cyclic hemiacetal form because in the open-chain 
form of the product (which is in equilibrium with the cyclic hemiacetal) it is the C5 oxy- 
gen that is not methylated: 


H о 
OCH, OCH, H OCH, 
nee а —— S NR m TOP. k 
CHO ^ OcH " h сњо cH, H—— och, 
Pentamethyl derivative H OH 
CH,OCH, 


2,3,4,6-Tetra-O-methyl-D-glucose 


Silyl ethers, including tert-butyldimethylsilyl (TBS) ethers (Section 11.1 1E) and phenyl- 
substituted ethers, are also used as protecting groups in carbohydrate synthesis. tert- 
Butyldiphenylsilyl (TBDPS) ethers show excellent regioselectivity for primary hydroxyl 
groups in sugars, such as at C6 in a hexopyranose. (We shall see the use of some related 
silyl ether groups in Section 22.13D.) 


Regioselective TBDPS Ether Formation 


OH OTBDPS 
O TBDPS—CI, AgNO О 
М У МУ 9. debat: NND H 
Ноно и ТВОР = tert-butyldiphenylsilyl, Ноо OCH, 
HO (CH3,C(C; H3), Si— HO 
TBDPS Ether Cleavage 
OTBDPS OH 
О Bu,N*F- O 
HO o OCH, dE Нол OCH, 
HO HO 


22.5D Conversion to Esters 


Treating a monosaccharide with excess acetic anhydride and a weak base (such as pyri- 
dine or sodium acetate) converts all of the hydroxyl groups, including the anomeric 
hydroxyl, to ester groups. If the reaction is carried out at a low temperature (e.g., 0?C), 
the reaction occurs stereospecifically; the а anomer gives the a-acetate and the B anomer 
gives the B-acetate. Acetate esters are common protecting groups for carbohydrate 
hydroxyls. 
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ju 
OH о о О O 
HO i T Md O 
HO pyridine, 0°C O 
POSH ~ 9 d 
О 
О О 


22.5E Conversion to Cyclic Acetals 


In Section 16.7B we learned that aldehydes and ketones react with open-chain 1,2-diols to 


produce cyclic acetals: 
OH + 1 2 a HOH 
= + 
но ~ P \ / 
1,2-Diol Cyclic acetal 


If the 1,2-diol is attached to a ring, as in a monosaccharide, formation of the cyclic acetals 
occurs only when the vicinal hydroxyl groups are cis to each other. For example, a-D- 
galactopyranose reacts with acetone in the following way: 


OH (OH O o ,OH 
O A 2 O H 
HO EN O + 2H,0 
HO O 
| 4 


Cyclic acetals are commonly used to protect vicinal cis hydroxyl groups of a sugar while 
reactions are carried out on other parts of the molecule. When acetals such as these are 
formed from acetone, they are called acetonides. 


22.6 Oxidation Reactions of Monosaccharides 


A number of oxidizing agents are used to identify functional groups of carbohydrates, in 
elucidating their structures, and for syntheses. The most important are (1) Benedict's or 
Tollens’ reagents, (2) bromine water, (3) nitric acid, and (4) periodic acid. Each of these 
reagents produces a different and usually specific effect when it is allowed to react with a 
monosaccharide. We shall now examine what these effects are. 


22.6A Benedict's or Tollens' Reagents: Reducing Sugars 


Benedict’s reagent (an alkaline solution containing a cupric citrate complex ion) and Tollens’ 
solution [Ag (NH3)2OH] oxidize and thus give positive tests with aldoses and ketoses. The 
tests are positive even though aldoses and ketoses exist primarily as cyclic hemiacetals. 

We studied the use of Tollens' silver mirror test in Section 16.12B. Benedict's solution 
and the related Fehling's solution (which contains a cupric tartrate complex ion) give brick- 
red precipitates of СиО when they oxidize an aldose. [In alkaline solution ketoses are con- 
verted to aldoses (Section 22.5A), which are then oxidized by the cupric complexes.] Since 
the solutions of cupric tartrates and citrates are blue, the appearance of a brick-red precip- 
itate is a vivid and unmistakable indication of a positive test. 
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Ov H 
hd CH,OH 


Cu?* (complex) + ae or | — СњОЈј + oxidation products 
CH,OH (H—C— OH), 


CH,OH 
Benedict's Aldose Ketose (brick-red 
solution reduction 
(blue) product) 


6 Sugars that give positive tests with Tollens’ or Benedict’s solutions are known as 
reducing sugars, and all carbohydrates that contain a hemiacetal group give posi- 
tive tests. 


In aqueous solution the hemiacetal form of sugars exists in equilibrium with relatively small, 
but not insignificant, concentrations of noncyclic aldehydes or a-hydroxy ketones. It is the 
latter two that undergo the oxidation, perturbing the equilibrium to produce more aldehyde 
or a-hydroxy ketone, which then undergoes oxidation until one reactant is exhausted. 


@ Carbohydrates that contain only acetal groups do not give positive tests with 
Benedict’s or Tollens’ solutions, and they are called nonreducing sugars. 


Acetals do not exist in equilibrium with aldehydes or a-hydroxy ketones in the basic aque- 
ous media of the test reagents. 


Reducing Sugar Nonreducing Sugar 


Alkyl group or 
| / another sugar 


Hemiacetal (R’ = H Acetal (R’ =H 
or CH,OH) or CH,OH) 
(gives positive (does not give a 

Tollens’ or positive Tollens’ or 
Benedict’s test) Benedict’s test) 


How might you distinguish between a-D-glucopyranose (1.е., D-glucose) and methyl a-p- Review Problem 22.6 
glucopyranoside? 


Although Benedict’s and Tollens’ reagents have some use as diagnostic tools [Benedict’s 
solution can be used in quantitative determinations of reducing sugars (reported as glucose) 
in blood or urine], neither of these reagents is useful as a preparative reagent in carbohy- 
drate oxidations. Oxidations with both reagents take place in alkaline solution, and in alka- 


line solutions sugars undergo a complex series of reactions that lead to isomerizations 
(Section 22.5A). 


22.68 Bromine Water: The Synthesis of Aldonic Acids 


Monosaccharides do not undergo isomerization and fragmentation reactions in mildly acidic 


solution. Thus, a useful oxidizing reagent for preparative purposes is bromine in water 
(pH 6.0). 
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ө Bromine water is a general reagent that selectively oxidizes the — СНО group to a 
— СОН group, thus converting an aldose to an aldonic acid: 


CHO CO,H 

(H—C—OH), 2> (H—C—OH), 
CH,OH CH,OH 
Aldose Aldonic acid 


Experiments with aldopyranoses have shown that the actual course of the reaction is 
somewhat more complex than we have indicated. Bromine water specifically oxidizes the 
P anomer, and the initial product that forms is a 6-aldonolactone. This compound may then 
hydrolyze to an aldonic acid, and the aldonic acid may undergo a subsequent ring closure 
to form a y-aldonolactone: 


OH OH 
о Br, о +H,0 
HOGG OH uo AN o 
HO HO O 
B-D-Glucopyranose p-Glucono-ó- 
lactone 
PE uen OH 
Н —41— OH HO H 
о 
HO ——H -H,O 
8 о 
H—+—OH_ +н,0 H OH H 
Н —4— OH H ÓH 
— OH 
D-Gluconic D-Gluconic-y- 
acid lactone 


22.6C Nitric Acid Oxidation: Aldaric Acids 


@ Dilute nitric acid—a stronger oxidizing agent than bromine water—oxidizes both 
the — СНО group and the terminal — CH2OH group of an aldose to — CO5H 
groups, forming dicarboxylic acids are known as aldaric acids: 


ras CO,H 
(H—C—OH), = (H—C—OH), 

CH,OH CO,H 

Aldose Aldaric acid 


It is not known whether a lactone is an intermediate in the oxidation of an aldose to an 
aldaric acid; however, aldaric acids form y- and 6-lactones readily: 
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So О о OH 

^c d TT 

=, H—C-—- | 
H—C—OH сон 0 H 

а. A fes c^ or ъа 
H—C—OH но“ | НС ен 
H—C— OH H—C—OH | OH / 
C l / C 

O “он 077 “он H s 
Aldaric acid 


(from an aldohexose) 


The aldaric acid obtained from D-glucose is called D-glucaric acid*: 


о. H 
50 
он 
= HNO, 

"ono aoe OT 
Ee H—|—OH 
H—— OH 
L—oH 
—— | 


D-Glucose 


(a) Would you expect D-glucaric acid to be optically active? 


(b) Write the open-chain structure for the aldaric acid (mannaric 
obtained by nitric acid oxidation of D-mannose. 


(c) Would you expect mannaric acid to be optically active? 
(d) What aldaric acid would you expect to obtain from D-erythrose? 


CHO 
OH 
OH 


CH,OH 
p-Erythrose 


(e) Would the aldaric acid in (d) show optical activity? 


y-Lactones of an aldaric acid 


о „он 
H—1—0H 

нон 
н—|-он 
н—— он 
о “он 


D-Glucaric acid 


Review Problem 22.7 
acid) that would be 


(f) D-Threose, a diastereomer of D-erythrose, yields an optically active aldaric acid when 
it is subjected to nitric acid oxidation. Write Fischer projection formulas for p-threose 


and its nitric acid oxidation product. 


(g) What are the names of the aldaric acids obtained from p-erythrose and p-threose? 


*Older terms for an aldaric acid are a glycaric acid or a saccharic acid. 
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D-Glucaric acid undergoes lactonization to yield two different y-lactones. What are their 
structures? 


22.6D Periodate Oxidations: Oxidative Cleavage 
of Polyhydroxy Compounds 


€ Compounds that have hydroxyl groups on adjacent atoms undergo oxidative cleav- 
age when they are treated with aqueous periodic acid (HIO4). The reaction breaks 
carbon-carbon bonds and produces carbonyl compounds (aldehydes, ketones, or 
acids). 


The stoichiometry of oxidative cleavage by periodic acid is 


—C—OH i 
+f dca + но, —> 2 6€. + но + HO 
—C—OH 


Since the reaction usually takes place in quantitative yield, valuable information can often 
be gained by measuring the number of molar equivalents of periodic acid consumed in the 
reaction as well as by identifying the carbonyl products.* 

Periodate oxidations are thought to take place through a cyclic intermediate: 


\ 
| | c=0 
—C—OH —С—0, JO- / 
_ CHO) QZ - 
+ 10, => nee — + 10, 
—C—OH —c+o ^O \ 
| | C=O 
/ 


Before we discuss the use of periodic acid in carbohydrate chemistry, we should illus- 
trate the course of the reaction with several simple examples. Notice in these periodate oxi- 
dations that for every C—C bond broken, a C—O bond is formed at each carbon. 


1. When three or more —CHOH groups are contiguous, the internal ones are obtained 
as formic acid. Periodate oxidation of glycerol, for example, gives two molar equiv- 
alents of formaldehyde and one molar equivalent of formic acid: 


T 
У (formaldehyde) 
H 
н . 
H— А о 
H—C—OH + 210, —> C (formic acid) 
------ ре ! H^ "OH 
H —C—OH 4. 
| о 
Glycerol l (formaldehyde) 
H^ ^H 


2. Oxidative cleavage also takes place when an — ОН group is adjacent to the carbonyl 
group of an aldehyde or ketone (but not that of an acid or an ester). Glyceraldehyde 
yields two molar equivalents of formic acid and one molar equivalent of formalde- 


*The reagent lead tetraacetate, Pb(O2CCH3)4, brings about cleavage reactions similar to those of periodic acid. 
The two reagents are complementary; periodic acid works well in aqueous solutions and lead tetraacetate gives 
good results in organic solvents but is more toxic. 
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hyde, while dihydroxyacetone gives two molar equivalents of formaldehyde and one 
molar equivalent of carbon dioxide: 


| 
С (formic acid) 
H^ “он 
о H + 
ba I 
H—C—OH + 210, — C (formic acid) 
— |------- H^ “он 
H 8 + 
н 
Glyceraldehyde pu (formaldehyde) 
H H 
о 
B | 
| н и (formaldehyde) 
H— à — OH + 
= + 2107 — O—C—O (carbon dioxide) 
H—C—OH B 
н ? 
Dihydroxyacetone p (formaldehyde) 
H H 


3. Periodic acid does not cleave compounds in which the hydroxyl groups are separated 
by an intervening —CH»2—- group, nor those in which a hydroxyl group is adjacent 
to an ether or acetal function: 


онгон CH,OCH; 
qh: + 10,7 — nocleavage H—C—OH + 10, —— по cleavage 
CH,OH CH,R 


What products would you expect to be formed when each of the following compounds is 
treated with an appropriate amount of periodic acid? How many molar equivalents of HIO4 
would be consumed in each case? 

(a) 2,3-Butanediol (d) О (f) cis-1,2-Cyclopentanediol 
(b) 1,2,3-Butanetriol 


(g) HO 
© OCH; io Vd X 70H 


(b) p-Erythrose 
H OCHs 


e 
OH gels 


Show how periodic acid could be used to distinguish between an aldohexose and a keto- 
hexose. What products would you obtain from each, and how many molar equivalents of 
HIO; would be consumed? 
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22.7 Reduction of Monosaccharides: Alditols 


€ Aldoses (and ketoses) can be reduced with sodium borohydride to compounds 
called alditols: 


nim ÇH,OH 
jH-o—oHj === (H—C—oOH) 
| n or | n 
сњон № CH,OH 
Aldose Alditol 


Reduction of D-glucose, for example, yields D-glucitol: 


H. 20 OH 
Qn H—-—OH H—-—OH 
О H NaBH, HO H 
AA on 7 нон нон 
En H—— OH H—1—OH 
OH OH 
D-Glucitol 


(or D-sorbitol) 


Review Problem 22.11 (a) Would you expect D-glucitol to be optically active? (b) Write Fischer projection for- 
mulas for all of the D-aldohexoses that would yield optically inactive alditols. 


22.8 Reactions of Monosaccharides with Phenylhydrazine: Osazones 


The aldehyde group of an aldose reacts with such carbonyl reagents as hydroxylamine and 
phenylhydrazine (Section 16.8B). With hydroxylamine, the product is the expected oxime. 
With enough phenylhydrazine, however, three molar equivalents of phenylhydrazine are 
consumed and a second phenylhydrazone group is introduced at C2. The product is called 
a phenylosazone. Phenylosazones crystallize readily (unlike sugars) and are useful deriva- 
tives for identifying sugars. 


H 
Maer —NNHCAA, 
H—¢—oH C=NNHC,H, 
(H—C—OH) + S3C,H,NHNH, — (H—C—OH), + C,H,NH, + NH, + H,O 
(нон нон 
Aldose Phenylosazone 


The mechanism for osazone formation probably depends on a series of reactions in which 


N 
Pas behaves very much like 28 in giving a nitrogen version of an enol. 
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A MECHANISM FOR THE REACTION 


Phenylosazone Formation 


(у н н 
Cae | | 
CH=N—NHG,H, CH NT N—GHs 
-ANH Lu tautomerization l X H (7 C,H,NH,) 
| | NS: A- 
(formed from 
the aldose) CH=NH CH=NNHC,H, 
m о (+2 С;Н.МНМН,) 


C —NNHOH, + NH, + H,O 


Osazone formation results in a loss of the chirality center at C2 but does not affect other 
chirality centers; D-glucose and D-mannose, for example, yield the same phenylosazone: 


I CH=NNHC,H, " d 
H OH C=NNHC,H, HO H 
HO H | G,H,NHNH, НОН C,H,NHNH, HO H 
re ————— 
H OH Н —~— OH H OH 
OH H—+— OH H OH 
OH —— OH OH 
p-Glucose Same phenylosazone р-Маппоѕе 


This experiment, first done by Emil Fischer, established that D-glucose and D-mannose һауе 
the same configurations about C3, C4, and C5. Diastereomeric aldoses that differ in con- 
figuration at only one carbon (such as D-glucose and D-mannose) are called epimers. In gen- 
eral, any pair of diastereomers that differ in configuration at only a single tetrahedral chirality 
center can be called epimers. 


Although D-fructose is not an epimer of D-glucose or D-mannose (D-fructose is а ketohex- Review Problem 22.12 
ose), all three yield the same phenylosazone. (a) Using Fischer projection formulas, write 

an equation for the reaction of fructose with phenylhydrazine. (b) What information about 

the stereochemistry of D-fructose does this experiment yield? 


22.9 Synthesis and Degradation of Monosaccharides 


22.9A Kiliani-Fischer Synthesis 


In 1885, Heinrich Kiliani (Freiburg, Germany) discovered that an aldose can be converted 
to the epimeric aldonic acids having one additional carbon through the addition of hydro- 
gen cyanide and subsequent hydrolysis of the epimeric cyanohydrins. Fischer later extended 
this method by showing that aldonolactones obtained from the aldonic acids can be reduced 
to aldoses. Today, this method for lengthening the carbon chain of an aldose is called the 
Kiliani—Fischer synthesis. 
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н —— oH 
—— OH 
p -Glyceraldehyde 
HCN 
: у 
CN CN 
H OH Epimeric HO H 
cyanohydrins 
H OH (separated) H OH 
OH OH 
[à Ba(OH), | —! 
(2) H0* (2) HO" 
HO О 
Epimeric 
aldonic acids HO H 
н —— OH 
OH 
) 
H о 
Epimeri ге) 
рітегіс 
y-aldonolactones — HV! HO 
OH H 
[535 H,O 
pH 3-5 


H о 
Н OH HO H 
H OH H OH 
Figure 22.6 A Kiliani-Fischer OH OH 


synthesis of D-(—)-erythrose and D- 
(—)-threose from p-glyceraldehyde. D-(—)-Erythrose D-(—)-Threose 


We can illustrate the Kiliani—Fischer synthesis with the synthesis of D-threose and D- 
erythrose (aldotetroses) from p-glyceraldehyde (an aldotriose) in Fig. 22.6. 

Addition of hydrogen cyanide to glyceraldehyde produces two epimeric cyanohydrins 
because the reaction creates a new chirality center. The cyanohydrins can be separated eas- 
ily (since they are diastereomers), and each can be converted to an aldose through hydrol- 
ysis, acidification, lactonization, and reduction with Na-Hg at pH 3-5. One cyanohydrin 
ultimately yields D-(—)-erythrose and the other yields D-(—)-threose. 

We can be sure that the aldotetroses that we obtain from this Kiliani-Fischer synthesis 
are both D sugars because the starting compound is D-glyceraldehyde and its chirality cen- 
ter is unaffected by the synthesis. On the basis of the Kiliani—Fischer synthesis, we cannot 
know just which aldotetrose has both — OH groups on the right and which has the top 
— ОН on the left in the Fischer projection. However, if we oxidize both aldotetroses to aldaric 
acids, one [D-(—)-erythrose] will yield an optically inactive (meso) product while the other 
[D-(—)-threose] will yield a product that is optically active (see Review Problem 22.7). 


Aca 
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(a) What are the structures of L-(+)-threose and L-(+)-erythrose? (b) What aldotriose would Review Problem 22.13 


you use to prepare them in a Kiliani-Fischer synthesis? 


(a) Outline a Kiliani-Fischer synthesis of epimeric aldopentoses starting with D-(—)-ery- Review Problem 22.14 


throse (use Fischer projections). (b) The two epimeric aldopentoses that one obtains are D- 
(—)-arabinose and D-(—)-ribose. Nitric acid oxidation of D-(—)-ribose yields an optically 
inactive aldaric acid, whereas similar oxidation of D-(—)-arabinose yields an optically active 
product. On the basis of this information alone, which Fischer projection represents D-(— )- 
arabinose and which represents р-(— )-ribose? 


Subjecting D-(—)-threose to a Kiliani—Fischer synthesis yields two other epimeric aldopen- Review Problem 22.15 


toses, D-(+)-xylose and D-(—)-lyxose. D-(+)-Xylose can be oxidized (with nitric acid) to 
an optically inactive aldaric acid, while similar oxidation of D-(—)-lyxose gives an opti- 
cally active product. What are the structures of D-(+)-xylose and D-(—)-lyxose? 


There are eight aldopentoses. In Review Problems 22.14 and 22.15 you have arrived at the Review Problem 22.16 
structures of four. What are the names and structures of the four that remain? 


22.9B The Ruff Degradation 


Just as the Kiliani-Fischer synthesis can be used to lengthen the chain of an aldose by one 
carbon atom, the Ruff degradation* can be used to shorten the chain by a similar unit. The 
Ruff degradation involves (1) oxidation of the aldose to an aldonic acid using bromine water 
and (2) oxidative decarboxylation of the aldonic acid to the next lower aldose using hydro- 
gen peroxide and ferric sulfate. D-(—)-Ribose, for example, can be degraded to D-(—)-ery- 


throse: 
H о HO о 
н он н он i 9 
- OH 22 н он 222 он + со 
H,O Fe,(SO,), 2 
H OH H OH H OH 
OH OH OH 
D-(—)-Ribose D-Ribonic acid D-(—)-Erythrose 


The aldohexose p-(--)-galactose can be obtained by hydrolysis of lactose, a disaccharide euism и 10 


found in milk. When D-(+)-galactose is treated with nitric acid, it yields an optically inac- 
tive aldaric acid. When D-(+)-galactose is subjected to Ruff degradation, it yields D-(—)- 
lyxose (see Review Problem 22.15). Using only these data, write the Fischer projection 
formula for D-(+)-galactose. 


22.10 The D Family of Aldoses 


The Ruff degradation and the Kiliani—Fischer synthesis allow us to place all of the aldoses 
into families or “family trees” based on their relation to D- or L-glyceraldehyde. Such a tree 
is constructed in Fig. 22.7 and includes the structures of the D-aldohexoses, 1-8. 


€ Most, but not all, of the naturally occurring aldoses belong to the D family, with D- 
(+)-glucose being by far the most common. 


*Developed by Otto Ruff, 1871—1939, a German chemist. 
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22.11 Fischer's Proof of the Configuration of D-(+)-Glucose 


D-(+)-Galactose can be obtained from milk sugar (lactose), but L-(—)-galactose occurs in 
a polysaccharide obtained from the vineyard snail, Helix pomatia. L-(+)-Arabinose is found 
widely, but D-(—)-arabinose is scarce, being found only in certain bacteria and sponges. 
Threose, lyxose, gulose, and allose do not occur naturally, but one or both forms (D or L) 
of each have been synthesized. 


22.11 Fischer's Proof of the Configuration of D-(+)-Glucose 


Emil Fischer began his work on the stereochemistry of (+)-glucose in 1888, only 12 
years after van't Hoff and Le Bel had made their proposal concerning the tetrahedral 
structure of carbon. Only a small body of data was available to Fischer at the beginning: 
Only a few monosaccharides were known, including (+)-glucose, (+)-arabinose, and 
(+)-mannose. [(+)-Mannose had just been synthesized by Fischer.] The sugars (4-)-glu- 
cose and (+)-mannose were known to be aldohexoses; (+)-arabinose was known to be 
an aldopentose. 

Since an aldohexose has four chirality centers, 24 (or 16) stereoisomers are possi- 
ble—one of which is (+)-glucose. Fischer arbitrarily decided to limit his attention to 
the eight structures with the D configuration given in Fig. 22.7 (structures 1-8). Fischer 
realized that he would be unable to differentiate between enantiomeric configurations 
because methods for determining the absolute configuration of organic compounds had 
not been developed. It was not until 1951, when Bijvoet (Section 5.15A) determined the 
absolute configuration of L-(+)-tartaric acid [and, hence, D-(+)-glyceraldehyde], that 
Fischer's arbitrary assignment of (+)-glucose to the family we call the D family was 
known to be correct. 

Fischer's assignment of structure 3 to (+)-glucose was based on the following reasoning: 


1. Nitric acid oxidation of (+)-glucose gives an optically active aldaric acid. This elim- 
inates structures 1 and 7 from consideration because both compounds would yield 
meso-aldaric acids. 


2. Degradation of (+)-glucose gives (—)-arabinose, and nitric acid oxidation of (—)- 
arabinose gives an optically active aldaric acid. This means that (—)-arabinose can- 
not have configuration 9 or 11 and must have either structure 10 or 12. It also 
establishes that (+)-glucose cannot have configuration 2, 5, or 6. This leaves struc- 
tures 3, 4, and 8 as possibilities for (+)-glucose. 

3. Kiliani—Fischer synthesis beginning with (—)-arabinose gives (+)-glucose and (+)- 
mannose; nitric acid oxidation of (+)-mannose gives an optically active aldaric acid. 
This, together with the fact that (+)-glucose yields a different but also optically active 
aldaric acid, establishes 10 as the structure of (—)-arabinose and eliminates 8 as a 
possible structure for (+)-glucose. Had (—)-arabinose been represented by structure 
12, a Kiliani—Fischer synthesis would have given the two aldohexoses, 7 and 8, one 
of which (7) would yield an optically inactive aldaric acid on nitric acid oxidation. 


4. Two structures now remain, З and 4; one structure represents (+)-glucose and one 
represents (+)-mannose. Fischer realized that (+)-glucose and (+)-mannose were 
epimeric (at C2), but a decision as to which compound was represented by which 
structure was most difficult. 


5. Fischer had already developed a method for effectively interchanging the two end 
groups (aldehyde and primary alcohol) of an aldose chain. And, with brilliant logic, 
Fischer realized that if (+)-glucose had structure 4, an interchange of end groups 
would yield the same aldohexose: 
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H 0 E H О 


HO —1——H HO —1——H HO 
(Recall that it is 
HO—L—H ege, НОН _ НОН рита 
i m jection 180? 
H——OH pyonemiea НОН H OH "inthe plane 
reactions of the page.) 
H—+— OH H—+— OH H OH 
— OH OH 


On the other hand, if (4-)-glucose has structure 3, an end-group interchange will 
yield a different aldohexose, 13: 


Us Ue L— OH РВ 
Н—_—ОН H—+—-OH НО —— H 
HO =н end-group HO =н НО Н 
аА == 
interch 
H—1— OH By chemical Н —1— OH Н —41— OH 
reactions 
H —1— OH Н —1— OH HO Н 
— OH Pi — OH 
L-Gulose 


This new aldohexose, if it were formed, would be an L sugar and it would be the 
mirror reflection of D-gulose. Thus its name would be L-gulose. 


Fischer carried out the end-group interchange starting with (+)-glucose and the prod- 
uct was the new aldohexose 13. This outcome proved that (4-)-glucose has structure 3. It 
also established 4 as the structure for (+)-mannose, and it proved the structure of L-(+)- 
gulose as 13. 

The procedure Fischer used for interchanging the ends of the (+)-glucose chain began 
with one of the y-lactones of D-glucaric acid (see Review Problem 22.8) and was carried 
out as follows: 


О 
Г— ОН Г— ОН 
H OH H OH H OH 
O 
HO H HO H H 
SEM. M OH == H ons 
О pH 3-5 
H OH H OH H OH 
HO О но “о No 
A y-lactone L-Gulonic A y-aldonolactone 
of p-glucaric acid 


acid 
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— ОН H 279 
H—}—OH | HO——H 
HO—1—H НО— "4 - Helpful Hint 
————— M: E 
; H—— OH H—— OH See WileyPLUS for "The Chemistry 
(continued from of... Stereoselective Synthesis of 
previous page) H———OH Нон all the L-Aldohexoses." 
— OH 
L-(+)-Gulose 
13 


Notice in this synthesis that the second reduction with Na—Hg is carried out at pH 3—5. Under 
these conditions, reduction of the lactone yields an aldehyde and not a primary alcohol. 


Fischer actually had to subject both y-lactones of D-glucaric acid (Review Problem 22.8) Review Problem 22.18 
to the procedure just outlined. What product does the other y-lactone yield? 


22.12 Disaccharides 


22.12A Sucrose 


Ordinary table sugar is a disaccharide called sucrose. Sucrose, the most widely occurring 
disaccharide, is found in all photosynthetic plants and is obtained commercially from sug- 
arcane or sugar beets. Sucrose has the structure shown in Fig. 22.8. 


From 
D-fructose 


From 
D-glucose 


а- Glucosidic В- Fructosidic 
linkage linkage 
OH 
о 
но am 
HO о 
но 
о HO, ; у 
Figure 22.8 Two representations of the 
formula for (+)-sucrose (a-D-glucopyranosyl 
OH OH B-D-fructofuranoside). 


The structure of sucrose is based on the following evidence: 


1. Sucrose has the molecular formula C42H22O 4. 


2. Acid-catalyzed hydrolysis of 1 mol of sucrose yields 1 mol of D-glucose and 1 mol 
of p-fructose. 


Fructose 
(as a B-furanose) 


1030 


Chapter 22 Carbohydrates 


3. Sucrose is a nonreducing sugar; it gives negative tests with Benedict’s and Tollens’ 
solutions. Sucrose does not form an osazone and does not undergo mutarotation. 
These facts mean that neither the glucose nor the fructose portion of sucrose has a 
hemiacetal group. Thus, the two hexoses must have a glycosidic linkage that involves 
C1 of glucose and C2 of fructose, for only in this way will both carbonyl groups be 
present as full acetals (1.е., as glycosides). 


4. The stereochemistry of the glycosidic linkages can be inferred from experiments done 
with enzymes. Sucrose is hydrolyzed by an a-glucosidase obtained from yeast but 
not by 8-glucosidase enzymes. This hydrolysis indicates an а configuration at the 
glucoside portion. Sucrose is also hydrolyzed by sucrase, an enzyme known to 
hydrolyze -fructofuranosides but not a-fructofuranosides. This hydrolysis indicates 
a B configuration at the fructoside portion. 


5. Methylation of sucrose gives an octamethyl derivative that, on hydrolysis, gives 
2,3,4,6-tetra-O-methyl-p-glucose and 1,3,4,6-tetra-O-methyl-p-fructose. The identi- 
ties of these two products demonstrate that the glucose portion is a pyranoside and 
that the fructose portion is a furanoside. 


The structure of sucrose has been confirmed by X-ray analysis and by an unambiguous 
synthesis. 


22.12B Maltose 


When starch (Section 22.13A) is hydrolyzed by the enzyme diastase, one product is a dis- 
accharide known as maltose (Fig. 22.9). The structure of maltose was deduced based on 
the following evidence: 


1. When 1 mol of maltose is subjected to acid-catalyzed hydrolysis, it yields 2 mol of 
D-(4-)-glucose. 

2. Unlike sucrose, maltose is a reducing sugar; it gives positive tests with Fehling's, 
Benedict's, and Tollens’ solutions. Maltose also reacts with phenylhydrazine to form 
a monophenylosazone (i.e., it incorporates two molecules of phenylhydrazine). 


3. Maltose exists in two anomeric forms: a-(+)-maltose, [a]5? = +168, and B-(+)- 
maltose, [o]? = +112. The maltose anomers undergo mutarotation to yield an equi- 
librium mixture, [а]; = +136. 


Facts 2 and 3 demonstrate that one of the glucose residues of maltose is present in a 
hemiacetal form; the other, therefore, must be present as a glucoside. The configuration of 
this glucosidic linkage can be inferred as a, because maltose is hydrolyzed by a-glucosi- 
dase enzymes and not by 8-glucosidase enzymes. 


e OH 


«- Glucosidic 
linkage 
OH 


HO 
HO о 
Figure 22.9 Two representations of the structure of the О 
В anomer of (+)-maltose, 4-O-(a-D-glucopyranosyl)-B-D- HO OH 


glucopyranose. 
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Maltose 


(a) (b) ; 
(1) CH,OH, H 
Br,/H,O | | (2) (CH,),SO,, OH 
HO HO CH,O CH,O 
H O HH on H онн 9 
H H H H OCH 
OH H OH н COH OCH, H OCH, H 3 
HO CH,O 
О О 
H | он H | он н осн, н осн, 


Maltonic acid 


(CH,),SO, 


[ne 
OH 
CH,O CH,O CH,O CH,O 
HAO нң AOC uA o н 1—9 
OH + OH 
OCH, H OCH, H CO,CH, OCH, H OCH, H 
CHO CH,O HO 
о 
н осн, н осн, н осн, н осн, 
2,3,4,6-Tetra-O- 2,3,6-Tri-O- 
| но" methyl-D-glucose methyl-D-glucose 
(as a pyranose) (as a pyranose) 
CH,O CH,O 
HA О A OCH, 
OH + 
OCH, H OCH, H CO,H 
CH,O 
H осн, H осн, 
2,3,4,6-Tetra-O-methyl- 2,3,5,6-Tetra-O-methyl- 
D-glucose D-gluconic acid 
(as a pyranose) 
4. Maltose reacts with bromine water to form a monocarboxylic acid, maltonic acid 


(Fig. 22.10a). This fact, too, is consistent with the presence of only one hemiacetal group. 


. Methylation of maltonic acid followed by hydrolysis gives 2,3,4,6-tetra-O-methyl- 


D-glucose and 2,3,5,6-tetra-O-methyl-p-gluconic acid. That the first product has a free 
—OH at C5 indicates that the nonreducing glucose portion is present as a pyranoside; 
that the second product, 2,3,5,6-tetra-O-methyl-D-gluconic acid, has a free —OH at 
C4 indicates that this position was involved in a glycosidic linkage with the nonre- 
ducing glucose. Only the size of the reducing glucose ring needs to be determined. 


. Methylation of maltose itself, followed by hydrolysis (Fig. 22.10b), gives 2,3,4,6- 


tetra-O-methyl-p-glucose and 2,3,6-tri-O-methyl-p-glucose. The free —OH at C5 in 
the latter product indicates that it must have been involved in the oxide ring and that 
the reducing glucose is present as a pyranose. 


22.12C Cellobiose 


Partial hydrolysis of cellulose (Section 22.13C) gives the disaccharide cellobiose 
(C42H22041) (Fig. 22.11). Cellobiose resembles maltose in every respect except one: the 
configuration of its glycosidic linkage. 

Cellobiose, like maltose, is a reducing sugar that, on acid-catalyzed hydrolysis, yields 
two molar equivalents of D-glucose. Cellobiose also undergoes mutarotation and forms a 
monophenylosazone. Methylation studies show that C1 of one glucose unit is connected 


Figure 22.10 (a) Oxidation of 
maltose to maltonic acid 
followed by methylation and 
hydrolysis. (b) Methylation and 
subsequent hydrolysis of 
maltose itself. 
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Figure 22.11 Two representations of the 8 anomer 
of cellobiose, 4-O-(8-D-glucopyranosyl)-8-b- 
glucopyranose. 
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in glycosidic linkage with C4 of the other and that both rings are six membered. Unlike 
maltose, however, cellobiose is hydrolyzed by B-glucosidase enzymes and not by a-glu- 
cosidase enzymes: This indicates that the glycosidic linkage in cellobiose is B (Fig. 22.11). 


Artificial Sweeteners (How Sweet It Is) 


Sucrose (table sugar) and fructose are the most common nat- 
ural sweeteners. We all know, however, that they add to our 
calorie intake and promote tooth decay. For these reasons, 
many people find artificial sweeteners to be an attractive alter- 
native to the natural and calorie-contributing counterparts. 


Strawberry 


Some products that contain the 
artificial sweetener aspartame. 


Perhaps the most successful and widely used artificial 
sweetener is aspartame, the methyl ester of a dipeptide 
formed from phenylalanine and aspartic acid (Section 
24.3D). Aspartame is roughly 100 times as sweet as sucrose. 
It undergoes slow hydrolysis in solution, however, which lim- 
its its shelf life in products such as soft drinks. It also cannot 
be used for baking because it decomposes with heat. 
Furthermore, people with a genetic condition known as 
phenylketonuria cannot use aspartame because their metab- 
olism causes a buildup of phenylpyruvic acid derived from 
aspartame. Accumulation of phenylpyruvic acid is harmful, 
especially to infants. Alitame, on the other hand, is a com- 


pound related to aspartame, but with improved properties. 
It is more stable than aspartame and roughly 2000 times as 
sweet as sucrose. 


Alitame 


Aspartame 


Sucralose is a trichloro derivative of sucrose that is an arti- 
ficial sweetener. Like aspartame, it is also approved for use 
by the U.S. Food and Drug Administration (FDA). Sucralose 
is 600 times sweeter than sucrose and has many properties 
desirable in an artificial sweetener. Sucralose looks and 
tastes like sugar, is stable at the temperatures used for cook- 
ing and baking, and it does not cause tooth decay or pro- 
vide calories. 


cı OH 
Qc 
HO 
HO 2 
HO 
он 4 
Sucralose 


Cyclamate and saccharin, used as their sodium or calcium 
salts, were popular sweeteners at one time. A common for- 
mulation involved a 10:1 mixture of cyclamate and saccha- 
rin that proved sweeter than either compound individually. 
Tests showed, however, that this mixture produced tumors 
in animals, and the FDA subsequently banned it. Certain 
exclusions to the regulations nevertheless allow continued 
use of saccharin in some products. 


| 
N SO 
ET 2 
X 
CY SO,H ae 
о 
Cyclamate Saccharin 


Many other compounds have potential as artificial sweet- 
eners. For example, L sugars are also sweet, and they pre- 
sumably would provide either zero or very few calories 
because our enzymes have evolved to selectively metabo- 
lize their enantiomers instead, the D sugars. Although 
sources of L sugars are rare in nature, all eight L-hexoses have 
been synthesized by S. Masamune and K. B. Sharpless using 


22.12D Lactose 


AC 


OH oy 
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the Sharpless asymmetric epoxidation (Sections 11.13 and 
22.11) and other enantioselective synthetic methods. 


OH OH 


HO 29 


он он 


L-Glucose 


Much of the research on sweeteners involves probing the 
structure of sweetness receptor sites. One model proposed 
for a sweetness receptor incorporates eight binding inter- 
actions that involve hydrogen bonding as well as van der 
Waals forces. Sucronic acid is a synthetic compound 
designed on the basis of this model. Sucronic acid is 
reported to be 200,000 times as sweet as sucrose. 


Sucronic acid 


Lactose (Fig. 22.12) is a disaccharide present in the milk of humans, cows, and almost all 
other mammals. Lactose is a reducing sugar that hydrolyzes to yield D-glucose and p-galac- 


tose; the glycosidic linkage is £. 


B-Glycosidic linkage 


From 
D-galactose 


Ho OH OH 


OH 


OH 
HO H о он 
H 
HO о о OH H H 
H 
ИМА H HW H он 
н он 


Егот 
р-діисоѕе 


Figure 22.12 Two representations of the 8 
OH anomer of lactose, 4-O-(8-D-galactopyranosyl)-B-b- 
glucopyranose. 


22.13 Polysaccharides 


• Polysaccharides, also known as glycans, consist of monosaccharides joined 


together by glycosidic linkages. 


Polysaccharides that are polymers of a single monosaccharide are called homopolysac- 
charides; those made up of more than one type of monosaccharide are called het- 
eropolysaccharides. Homopolysaccharides are also classified on the basis of their 
monosaccharide units. A homopolysaccharide consisting of glucose monomeric units is 
called a glucan; one consisting of galactose units is a galactan, and so on. 

Three important polysaccharides, all of which are glucans, are starch, glycogen, and 


cellulose. 
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@ Starch is the principal food reserve of plants, glycogen functions as a carbohydrate 
reserve for animals, and cellulose serves as structural material in plants. 


As we examine the structures of these three polysaccharides, we shall be able to see how 
each is especially suited for its function. 


22.13A Starch 


Starch occurs as microscopic granules in the roots, tubers, and seeds of plants. Corn, pota- 
toes, wheat, and rice are important commercial sources of starch. Heating starch with water 
causes the granules to swell and produce a colloidal suspension from which two major com- 
ponents can be isolated. One fraction is called amylose and the other amylopectin. Most 
starches yield 10-20% amylose and 80-90% amylopectin. 


9 Amylose typically consists of more than 1000 D-glucopyranoside units connected 
in а linkages between C1 of one unit and C4 of the next (Fig. 22.13). 


a (1 — 4) Glucosidic 
linkage 


Figure 22.13 Partial structure of amylose, an 
unbranched polymer of D-glucose connected in a(1 — 4) 
glycosidic linkages. n > 500 


Thus, in the ring size of its glucose units and in the configuration of the glycosidic link- 
ages between them, amylose resembles maltose. 

Chains of D-glucose units with a-glycosidic linkages such as those of amylose tend 
to assume a helical arrangement (Fig. 22.14). This arrangement results in a compact 
shape for the amylose molecule even though its molecular weight is quite large 
(150,000—600,000). 


Figure 22.14 Amylose. Тһе o(1 — 4) linkages cause it 
to assume the shape of a left-handed helix. (Illustration, 
Irving Geis. Rights owned by Howard Hughes Medical 
Institute. Not to be reproduced without permission.) 


€ Amylopectin has a structure similar to that of amylose [i.e., o(1 — 4) links], except 
that in amylopectin the chains are branched. Branching takes place between C6 of 
one glucose unit and C1 of another and occurs at intervals of 20—25 glucose units 
(Fig. 22.15). 


Physical measurements indicate that amylopectin has a molecular weight of 1—6 million; 
thus amylopectin consists of hundreds of interconnecting chains of 20—25 glucose units each. 
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Figure 22.15 Partial structure of amylopectin. 


22.13B Glycogen 


€ Glycogen has a structure very much like that of amylopectin; however, in glycogen 
the chains are much more highly branched. 


Methylation and hydrolysis of glycogen indicate that there is one end group for every 10—12 
glucose units; branches may occur as often as every 6 units. Glycogen has a very high mol- 
ecular weight. Studies of glycogens isolated under conditions that minimize the likelihood 
of hydrolysis indicate molecular weights as high as 100 million. 

The size and structure of glycogen beautifully suit its function as a reserve carbohydrate 
for animals. First, its size makes it too large to diffuse across cell membranes; thus, glyco- 
gen remains inside the cell, where it is needed as an energy source. Second, because glyco- 
gen incorporates tens of thousands of glucose units in a single molecule, it solves an 
important osmotic problem for the cell. Were so many glucose units present in the cell as 
individual molecules, the osmotic pressure within the cell would be enormous—so large 
that the cell membrane would almost certainly break.* Finally, the localization of glucose 
units within a large, highly branched structure simplifies one of the cell’s logistical prob- 
lems: that of having a ready source of glucose when cellular glucose concentrations are 
low and of being able to store glucose rapidly when cellular glucose concentrations are high. 
There are enzymes within the cell that catalyze the reactions by which glucose units are 
detached from (or attached to) glycogen. These enzymes operate at end groups by hydrolyz- 
ing (or forming) a(1 — 4) glycosidic linkages. Because glycogen is so highly branched, a 
very large number of end groups is available at which these enzymes can operate. At the 
same time the overall concentration of glycogen (in moles per liter) is quite low because 
of its enormous molecular weight. 

Amylopectin presumably serves a similar function in plants. The fact that amylopectin 
is less highly branched than glycogen is, however, not a serious disadvantage. Plants have 
a much lower metabolic rate than animals—and plants, of course, do not require sudden 
bursts of energy. 

Animals store energy as fats (triacylglycerols) as well as glycogen. Fats, because they 
are more highly reduced, are capable of furnishing much more energy. The metabolism of 
a typical fatty acid, for example, liberates more than twice as much energy per carbon as 
glucose or glycogen. Why, then, we might ask, have two different energy repositories 
evolved? Glucose (from glycogen) is readily available and is highly water soluble.** 
Glucose, as a result, diffuses rapidly through the aqueous medium of the cell and serves as 


* The phenomenon of osmotic pressure occurs whenever two solutions of different concentrations are separated 
by a membrane that allows penetration (by osmosis) of the solvent but not of the solute. The osmotic pressure 
(T) on one side of the membrane is related to the number of moles of solute particles (n), the volume of the 
solution (V), and the gas constant times the absolute temperature (RT): ту = nRT. 


** Glucose is actually liberated as glucose-6-phosphate (G6P), which is also water soluble. 
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Figure 22.16 A portion of a cellulose chain. The 
glycosidic linkages are B(1 — 4). 
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an ideal source of “ready energy.” Long-chain fatty acids, by contrast, are almost insolu- 
ble in water, and their concentration inside the cell could never be very high. They would 
be a poor source of energy if the cell were in an energy pinch. On the other hand, fatty 
acids (as triacylglycerols), because of their caloric richness, are an excellent energy repos- 
itory for long-term energy storage. 


22.13C Cellulose 


When we examine the structure of cellulose, we find another example of a polysaccharide 
in which nature has arranged monomeric glucose units in a manner that suits its function. 


@ Cellulose contains D-glucopyranoside units linked in (1 — 4) fashion in very long 
unbranched chains. Unlike starch and glycogen, however, the linkages in cellulose 
are B-glycosidic linkages (Fig. 22.16). 


The B-glycosidic linkages of cellulose make cellulose chains essentially linear; they do not tend 
to coil into helical structures as do glucose polymers when linked in an o(1 — 4) manner. 
The linear arrangement of -linked glucose units in cellulose presents a uniform distri- 
bution of — OH groups on the outside of each chain. When two or more cellulose chains 
make contact, the hydroxyl groups are ideally situated to “zip” the chains together by form- 
ing hydrogen bonds (Fig. 22.17). Zipping many cellulose chains together in this way gives 
a highly insoluble, rigid, and fibrous polymer that is ideal as cell-wall material for plants. 
This special property of cellulose chains, we should emphasize, is not just a result of 
Ва — 4) glycosidic linkages; it is also a consequence of the precise stereochemistry of D- 
glucose at each chirality center. Were D-galactose or p-allose units linked in a similar fash- 
ion, they almost certainly would not give rise to a polymer with properties like cellulose. 


Figure 22.17 A proposed structure for 
cellulose. A fiber of cellulose may consist of 
about 40 parallel strands of glucose 
molecules linked in a 8(1 — 4) fashion. Each 
glucose unit in a chain is turned over with 
respect to the preceding glucose unit and is 
held in this position by hydrogen bonds 
(dashed lines) between the chains. The 
glucan chains line up laterally to form sheets, 
and these sheets stack vertically so that they 
are staggered by one-half of a glucose unit. 
(Hydrogen atoms that do not participate in 
hydrogen bonding have been omitted for 
clarity.) (Illustration, Irving Geis. Rights 
owned by Howard Hughes Medical Institute. 
Not to be reproduced without permission.) 
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Thus, we get another glimpse of why p-glucose occupies such a special position in the chem- 
istry of plants and animals. Not only is it the most stable aldohexose (because it can exist 
in a chair conformation that allows all of its bulky groups to occupy equatorial positions), 
but its special stereochemistry also allows it to form helical structures when о linked as in 
starches, and rigid linear structures when £ linked as in cellulose. 


There is another interesting and important fact about cellulose: The digestive 
enzymes of humans cannot attack its B(1 — 4) linkages. Hence, cellulose cannot 
serve as a food source for humans, as can starch. Cows and termites, however, can 
use cellulose (of grass and wood) as a food source because symbiotic bacteria in 
their digestive systems furnish B-glucosidase enzymes. 


Perhaps we should ask ourselves one other question: Why has D-(+)-glucose been selected 
for its special role rather than L-(—)-glucose, its mirror image? Here an answer cannot be given 
with any certainty. The selection of D-(+)-glucose may simply have been a random event early 
in the course of the evolution of enzyme catalysts. Once this selection was made, however, 
the chirality of the active sites of the enzymes involved would retain a bias toward D-(+)-glu- 
cose and against L-(—)-glucose (because of the improper fit of the latter). Once introduced, 
this bias would be perpetuated and extended to other catalysts. 

Finally, when we speak about evolutionary selection of a particular molecule for a given 
function, we do not mean to imply that evolution operates on a molecular level. Evolution, 
of course, takes place at the level of organism populations, and molecules are selected only 
in the sense that their use gives the organism an increased likelihood of surviving and 
procreating. 


22.13D Cellulose Derivatives 


A number of derivatives of cellulose are used commercially. Most of these are compounds 
in which two or three of the free hydroxyl groups of each glucose unit have been converted 
to an ester or an ether. This conversion substantially alters the physical properties of the 
material, making it more soluble in organic solvents and allowing it to be made into fibers 
and films. Treating cellulose with acetic anhydride produces the triacetate known as “Arnel” 
or "acetate," used widely in the textile industry. Cellulose trinitrate, also called "gun cot- 
ton" or nitrocellulose, is used in explosives. 

Rayon is made by treating cellulose (from cotton or wood pulp) with carbon disulfide 
in a basic solution. This reaction converts cellulose to a soluble xanthate: 


NaOH 
Cellulose——OH + CS, = cellulose—O—C—S- Ма“ 


Cellulose xanthate 


The solution of cellulose xanthate is then passed through a small orifice or slit into an acidic 
solution. This operation regenerates the —OH groups of cellulose, causing it to precipi- 
tate as a fiber or a sheet: 


S 
8 H,O* 
Cellulose—O—C—S Na*  —— cellulose — OH 
Rayon or cellophane 
Cellophane on rollers at a 
The fibers are rayon; the sheets, after softening with glycerol, are cellophane. manufacturing plant. 


22.14 Other Biologically Important Sugars 


Monosaccharide derivatives in which the — СНОН group at Сб has been specifically oxi- 
dized to a carboxyl group are called uronic acids. Their names are based on the mono- 
saccharide from which they are derived. For example, specific oxidation of C6 of glucose 
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to a carboxyl group converts glucose to glucuronic acid. In the same way, specific oxida- 
tion of C6 of galactose would yield galacturonic acid: 


H O H O 

CO,H CO,H 
нон H—L—OH 
j HO——H iii E H 
OH ит" он OH OF о а 
нон H—— oH 
OH CO,H OH CO,H 


D-Glucuronic acid D-Galacturonic acid 


Direct oxidation of an aldose affects the aldehyde group first, converting it to a carboxylic 
acid (Section 22.6B), and most oxidizing agents that will attack 1° alcohol groups will also 
attack 2° alcohol groups. Clearly, then, a laboratory synthesis of a uronic acid from an aldose 
requires protecting these groups from oxidation. Keeping this in mind, suggest a method 
for carrying out a specific oxidation that would convert D-galactose to D-galacturonic acid. 
(Hint: See Section 22.5E.) 


@ Monosaccharides in which an — OH group has been replaced by —H are known 
as deoxy sugars. 


The most important deoxy sugar, because it occurs in DNA, is deoxyribose. Other deoxy 
sugars that occur widely in polysaccharides are L-rhamnose and L-fucose: 


HO О OH 
HO Оон О он 
CH, CH, 
HO 
HO 
OH OH OH HO 
p-2-Deoxy-p-ribose a-L-Rhamnose a-L-Fucose 
(6-deoxy-L-mannose) (6-deoxy-L-galactose) 


22.15 Sugars That Contain Nitrogen 


22.15A Glycosylamines 


A sugar in which an amino group replaces the anomeric — OH is called a glycosylamine. 
Examples are 8-Dp-glucopyranosylamine and adenosine: 


B-p-Glucopyranosylamine Adenosine 


Adenosine is an example of a glycosylamine that is also called a nucleoside. 


22.15 Sugars That Contain Nitrogen 


@ Nucleosides are glycosylamines in which the amino component is a pyrimidine or 
a purine (Section 20.1B) and in which the sugar component is either D-ribose or 2- 
deoxy-D-ribose (1.е., D-ribose minus the oxygen at the 2 position). 


Nucleosides are the important components of RNA (ribonucleic acid) and DNA (deoxyri- 
bonucleic acid). We shall describe their properties in detail in Section 25.2. 


22.15B Amino Sugars 


9 A sugar in which an amino group replaces a nonanomeric — OH group is called an 
amino sugar. 


D-Glucosamine is an example of an amino sugar. In many instances the amino group 
is acetylated as in N-acetyl-D-glucosamine. N-Acetylmuramic acid is an important com- 
ponent of bacterial cell walls (Section 24.10). 


Мими ми 


H | NHCOCH, H | NHCOCH, 
В-р- DE 18 B-N-Acetyl-p-glucosamine B-N-Acetylmuramic acid 
(NAG) (NAM) 


D-Glucosamine can be obtained by hydrolysis of chitin, a polysaccharide found in the 
shells of lobsters and crabs and in the external skeletons of insects and spiders. The amino 
group of D-glucosamine as it occurs in chitin, however, is acetylated; thus, the repeating 
unit is actually N-acetylglucosamine (Fig. 22.18). The glycosidic linkages in chitin are 
Ва — 4). X-Ray analysis indicates that the structure of chitin is similar to that of cellulose. 


Aca 
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HO 
О 
О 
OH ни} 
H OUS Figure 22.18 A partial structure of chitin. The 
repeating units are N-acetylglucosamines 
NHCOCH, n linked B(1 — 4). 


D-Glucosamine can also be isolated from heparin, a sulfated polysaccharide that con- 
sists predominately of alternating units of D-glucuronate-2-sulfate and N-sulfo-p-glu- 
cosamine-6-sulfate (Fig. 22.19). Heparin occurs in intracellular granules of mast cells that 
line arterial walls, where, when released through injury, it inhibits the clotting of blood. Its 
purpose seems to be to prevent runaway clot formation. Heparin is widely used in medi- 
cine to prevent blood clotting in postsurgical patients. 


080, 
H он 
OH ни ^о 


H NHSO,* n 


p-Glucuronate-2-sulfate N-Sulfo-p-glucosamine- Figure 22.19 A partial structure of heparin, a 
6-sulfate polysaccharide that prevents blood clotting. 
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22.16 Glycolipids and Glycoproteins of the Cell Surface: 
Cell Recognition and the Immune System 


Glycolipid ^ Glycoprotein Before 1960, it was thought that the biology of carbohydrates was rather uninteresting, that, 


OH 
OH 
Reprinted with permission of 
John Wiley & Sons, Inc., from HO 
Voet, D., and Voet, J.G. OH 
Biochemistry, Second Edition © OH 
1995 Voet, D., and Voet, J.G. о 
HOOC O 
HO О О 
О H 
HO 
HO 


H,COCH OH 
A sialyl Lewis*acid 


in addition to being a kind of inert filler in cells, carbohydrates served only as an energy 
source and, in plants, as structural materials. Research has shown, however, that carbohy- 
drates joined through glycosidic linkages to lipids (Chapter 23) and to proteins (Chapter 
24), called glycolipids and glycoproteins, respectively, have functions that span the entire 
spectrum of activities in the cell. Indeed, most proteins are glycoproteins, of which the car- 
bohydrate content can vary from less than 1% to greater than 90%. 

Glycolipids and glycoproteins on the cell surface (Section 23.6A) are now known to be 
the agents by which cells interact with other cells and with invading bacteria and viruses. The 
immune system's role in healing and in autoimmune diseases such as rheumatoid arthritis 
involves cell recognition through cell surface carbohydrates. Important carbohydrates in this 
role are sialyl Lewis" acids (see the chapter opening vignette). Tumor cells also have specific 
carbohydrate markers on their surface as well, a fact that may make it possible to develop 
vaccines against cancer. (See “The Chemistry of . . . Vaccines Against Cancer" in WileyPLUS.) 


The human blood groups offer another example of how carbohydrates, in the form of 
glycolipids and glycoproteins, act as biochemical markers. The A, B, and O blood types 
are determined, respectively, by the A, B, and H determinants on the blood cell surface. 
(The odd naming of the type O determinant came about for complicated historical reasons.) 
Type AB blood cells have both A and B determinants. These determinants are the carbo- 


hydrate portions of the A, B, and H antigens. 


Antigens are characteristic chemical substances that cause the production of antibodies 
when injected into an animal. Each antibody can bind at least two of its corresponding anti- 
gen molecules, causing them to become linked. Linking of red blood cells causes them to 
agglutinate (clump together). In a transfusion this agglutination can lead to a fatal block- 


age of the blood vessels. 


Individuals with type A antigens on their blood cells carry anti-B antibodies in their 
serum; those with type B antigens on their blood cells carry anti-A antibodies in their serum. 
Individuals with type AB cells have both A and B antigens but have neither anti-A nor anti- 
B antibodies. Type O individuals have neither A nor B antigens on their blood cells but 


have both anti-A and anti-B antibodies. 


Helpful Hint : The A, B, and H antigens differ only in the monosaccharide units at their nonreducing 


See "The Chemistry of... 


ends. The type H antigen (Fig. 22.20) is the precursor oligosaccharide of the type A and B 


Oligosaccharide Synthesis on a antigens. Individuals with blood type A have an enzyme that specifically adds an N-acetyl- 
Solid Support-the Glycal Assembly — ea]actosamine unit to the З-ОН group of the terminal galactose unit of the H antigen. 


Approach" in WileyPLUS regarding 
the synthesis of promising PURA : UN . 
carbohydrate anticancer vaccines. | individuals with type О blood, the enzyme is inactive. 


Individuals with blood type B have an enzyme that specifically adds galactose instead. In 
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OH on 
о 
но \ \ OH он 
сн,сомн | 


CH,CONH 
CH, OH a-D-GalNAc(1 — 3)8-p-Gal(1 — 3)8-D-GlycNAc-etc. 
faa — 2) 
он" L-Fuc 


Type A determinant 


OH OH 
[e] 
HO OH он 
OH 
HO = 
HO о 
о | | 
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CH, o OH a-D-Gal(1 — 3)8-D-Gal(1 — 3)8-D-GlycNAc-etc. 
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OH OH 
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о | 
о 0-- еіс. —— Protein 
CH,CONH | 
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faa 2) 
onn L-Fuc 


Type H determinant 


Figure 22.20 The terminal monosaccharides of the antigenic determinants for types A, B, and O 
blood. The type H determinant is present in individuals with blood type O and is the precursor of 
the type A and B determinants. These oligosaccharide antigens are attached to carrier lipid or 
protein molecules that are anchored in the red blood cell membrane (see Fig. 23.9 for a depiction 
of a cell membrane). Ac = acetyl, Gal = p-galactose, GalNAc = N-acetylgalactosamine, GlycNAc = 
N-acetylglucosamine, Fuc — fucose. 


Antigen-antibody interactions like those that determine blood types are the basis of the 
immune system. These interactions often involve the chemical recognition of a glycolipid 
or glycoprotein in the antigen by a glycolipid or glycoprotein of the antibody. In “The 
Chemistry of . . . Antibody-Catalyzed Aldol Condensations” (in WileyPLUS, Chapter 19), 
however, we saw a different and emerging dimension of chemistry involving antibodies. 
We shall explore this topic further in the Chapter 24 opening vignette on designer catalysts 
and in “The Chemistry ОГ... Some Catalytic Antibodies" (Section 24.12). 
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22.17 Carbohydrate Antibiotics 


One of the important discoveries in carbohydrate chemistry was the isolation (in 1944) of 
the carbohydrate antibiotic called streptomycin. Streptomycin disrupts bacterial protein syn- 
thesis. Its structure is made up of the following three subunits: 


NH 
uo H | 
N—C—NH, 
OH T" 
HO Streptidine 
fe) о WNH— T NH, 
NH 
H.C PRG L-Streptose 
3 
HO 
о 
HO 2-Deoxy- 
HO о 2-methylamino- 
a-L-gluco- 
HO NHCH, pyranose 


All three components are unusual: The amino sugar is based on L-glucose; streptose is 
a branched-chain monosaccharide; and streptidine is not a sugar at all, but a cyclohexane 
derivative called an amino cyclitol. 

Other members of this family are antibiotics called kanamycins, neomycins, and gen- 
tamicins (not shown). All are based on an amino cyclitol linked to one or more amino sug- 
ars. The glycosidic linkage is nearly always a. These antibiotics are especially useful against 
bacteria that are resistant to penicillins. 


22.18 Summary of Reactions of Carbohydrates 


The reactions of carbohydrates, with few exceptions, are the reactions of functional groups 
that we have studied in earlier chapters, especially those of aldehydes, ketones, and alco- 
hols. The most central reactions of carbohydrates are those of hemiacetal and acetal for- 
mation and hydrolysis. Hemiacetal groups form the pyranose and furanose rings in 
carbohydrates, and acetal groups form glycoside derivatives and join monosaccharides 
together to form di-, tri-, oligo-, and polysaccharides. 

Other reactions of carbohydrates include those of alcohols, carboxylic acids, and their 
derivatives. Alkylation of carbohydrate hydroxyl groups leads to ethers. Acylation of their 
hydroxyl groups produces esters. Alkylation and acylation reactions are sometimes used 
to protect carbohydrate hydroxyl groups from reaction while a transformation occurs else- 
where. Hydrolysis reactions are involved in converting ester and lactone derivatives of car- 
bohydrates back to their polyhydroxy form. Enolization of aldehydes and ketones leads to 
epimerization and interconversion of aldoses and ketoses. Addition reactions of aldehydes 
and ketones are useful, too, such as the addition of ammonia derivatives in osazone for- 
mation, and of cyanide in the Kiliani-Fischer synthesis. Hydrolysis of nitriles from the 
Kiliani—Fischer synthesis leads to carboxylic acids. 

Oxidation and reduction reactions have their place in carbohydrate chemistry as well. 
Reduction reactions of aldehydes and ketones, such as borohydride reduction and catalytic 
hydrogenation, are used to convert aldoses and ketoses to alditols. Oxidation by Tollens’ 
and Benedict's reagents is a test for the hemiacetal linkage in a sugar. Bromine water oxi- 
dizes the aldehyde group of an aldose to an aldonic acid. Nitric acid oxidizes both the alde- 
hyde group and terminal hydroxymethyl group of an aldose to an aldaric acid (a dicarboxylic 
acid). Lastly, periodate cleavage of carbohydrates yields oxidized fragments that can be use- 
ful for structure elucidation. 
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Problems 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are (rv 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


Problems 


(PLUS Note to Instructors: Many of the homework problems are available for assignment via Wiley PLUS, an online 


22.20 


22.21 


22.22 


22.23 


22.24 


22.25 
22.26 


22.27 


teaching and learning solution. 


CARBOHYDRATE STRUCTURE AND REACTIONS 


Give appropriate structural formulas to illustrate each of the following: 


(a) An aldopentose (g) An aldonolactone (m) Epimers 

(b) A ketohexose (h) A pyranose (n) Anomers 

(c) An L-monosaccharide (i) A furanose (0) A phenylosazone 

(d) A glycoside (j) A reducing sugar (p) A disaccharide 

(e) An aldonic acid (k) A pyranoside (q) A polysaccharide 

(f) An aldaric acid (1) A furanoside (r) A nonreducing sugar 


Draw conformational formulas for each of the following: (a) a-D-allopyranose, (b) methyl 8-р-аПоругапоѕійе, and 
(c) methyl 2,3,4,6-tetra-O-methyl-8-p-allopyranoside. 


Draw structures for furanose and pyranose forms of p-ribose. Show how you could use periodate oxidation to dis- 
tinguish between a methyl ribofuranoside and a methyl ribopyranoside. 


One reference book lists D-mannose as being dextrorotatory; another lists it as being levorotatory. Both references 
are correct. Explain. 


The starting material for a commercial synthesis of vitamin C is L-sorbose (see the following reaction); it can be 
synthesized from D-glucose through the following reaction sequence: 


OH 
O 
HO H 
H, А O, 
D-Glucose —  p-Glucitol OH 
Ni Acetobacter 
suboxydans HO H 
OH 
L-Sorbose 


The second step of this sequence illustrates the use of a bacterial oxidation; the microorganism A. suboxydans accom- 
plishes this step in 90% yield. The overall result of the synthesis is the transformation of a D-aldohexose (D-glu- 
cose) into an L-ketohexose (L-sorbose). What does this mean about the specificity of the bacterial oxidation? 


What two aldoses would yield the same phenylosazone as L-sorbose (Problem 22.24)? 


In addition to fructose (Review Problem 22.12) and sorbose (Problem 22.24), there are two other 2-ketohexoses, 
psicose and tagatose. D-Psicose yields the same phenylosazone as D-allose (or D-altrose); D-tagatose yields the same 
osazone as D-galactose (or D-talose). What are the structures of D-psicose and D-tagatose? 


A, B, and C are three aldohexoses. Compounds A and B yield the same optically active alditol when they are reduced 
with hydrogen and a catalyst; A and B yield different phenylosazones when treated with phenylhydrazine; B and 
C give the same phenylosazone but different alditols. Assuming that all are D sugars, give names and structures for 
A, B, and C. 
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22.29 


22.30 


22.31 


22.32 


22.33 


22.34 
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Xylitol is a sweetener that is used in sugarless chewing gum. Starting with an appropriate monosaccharide, outline 
a possible synthesis of xylitol. 


OH 
H OH 
HO H 
H OH 
OH 
Xylitol 


Although monosaccharides undergo complex isomerizations in base (see Section 22.5A), aldonic acids are epimer- 
ized specifically at C2 when they are heated with pyridine. Show how you could make use of this reaction in a syn- 
thesis of D-mannose from D-glucose. 


The most stable conformation of most aldopyranoses is one in which the largest group, the — СНОН group, is 
equatorial. However, D-idopyranose exists primarily in a conformation with an axial — CH2OH group. Write for- 
mulas for the two chair conformations of a-D-idopyranose (one with the — СНОН group axial and one with the 
— СЊОН group equatorial) and provide an explanation. 


STRUCTURE ELUCIDATION 


(a) Heating D-altrose with dilute acid produces а nonreducing anhydro sugar (CgH49O5). Methylation of the anhy- 
dro sugar followed by acid hydrolysis yields 2,3,4-tri-O-methyl-p-altrose. The formation of the anhydro sugar takes 
place through a chair conformation of 6-D-altropyranose in which the —CH2OH group is axial. What is the struc- 
ture of the anhydro sugar, and how is it formed? (b) D-Glucose also forms an anhydro sugar but the conditions 
required are much more drastic than for the corresponding reaction of p-altrose. Explain. 

Show how the following experimental evidence can be used to deduce the structure of lactose (Section 22.12D): 


1. Acid hydrolysis of lactose (C12H25O41) gives equimolar quantities of D-glucose and D-galactose. Lactose under- 
goes a similar hydrolysis in the presence of a B-galactosidase. 


2. Lactose is a reducing sugar and forms a phenylosazone; it also undergoes mutarotation. 


3. Oxidation of lactose with bromine water followed by hydrolysis with dilute acid gives D-galactose and D-glu- 
conic acid. 


4. Bromine water oxidation of lactose followed by methylation and hydrolysis gives 2,3,6-tri-O-methylglucono- 
lactone and 2,3,4,6-tetra-O-methyl-p-galactose. 


5. Methylation and hydrolysis of lactose give 2,3,6-tri-O-methyl-p-glucose and 2,3,4,6-tetra-O-methyl-D-galactose. 


Deduce the structure of the disaccharide melibiose from the following data: 
1. Melibiose is a reducing sugar that undergoes mutarotation and forms a phenylosazone. 
2. Hydrolysis of melibiose with acid or with an a-galactosidase gives D-galactose and D-glucose. 


3. Bromine water oxidation of melibiose gives melibionic acid. Hydrolysis of melibionic acid gives D-galactose 
and p-gluconic acid. Methylation of melibionic acid followed by hydrolysis gives 2,3.4,6-tetra-O-methyl-D-galac- 
tose and 2,3,4,5-tetra-O-methyl-p-gluconic acid. 


4. Methylation and hydrolysis of melibiose give 2,3,4,6-tetra-O-methyl-D-galactose and 2,3,4-tri-O-methyl- 
D-glucose. 

Trehalose is a disaccharide that can be obtained from yeasts, fungi, sea urchins, algae, and insects. Deduce the struc- 

ture of trehalose from the following information: 

1. Acid hydrolysis of trehalose yields only p-glucose. 

2. Trehalose is hydrolyzed by a-glucosidase but not by -glucosidase enzymes. 

3. Trehalose is a nonreducing sugar; it does not mutarotate, form a phenylosazone, or react with bromine water. 

4 


. Methylation of trehalose followed by hydrolysis yields two molar equivalents of 2,3,4,6-tetra-O-methyl-p-glucose. 


22.35 


22.36 


22.37 


22.38 


22.39 
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Problems 


Outline chemical tests that will distinguish between members of each of the following pairs: 


(a) D-Glucose and p-glucitol (d) D-Glucose and p-galactose 
(b) D-Glucitol and p-glucaric acid (e) Sucrose and maltose 
(c) D-Glucose and D-fructose (f) Maltose and maltonic acid 


(g) Methyl 6-p-glucopyranoside and 2,3,4,6-tetra-O-methyl-B-p-glucopyranose 
(h) Methyl a-p-ribofuranoside (I) and methyl 2-deoxy-a-p-ribofuranoside (П): 


OH OH 
I 


A group of oligosaccharides called Schardinger dextrins can be isolated from Bacillus macerans when the bacil- 
lus is grown on a medium rich in amylose. These oligosaccharides are all nonreducing. A typical Schardinger dex- 
trin undergoes hydrolysis when treated with an acid or an a-glucosidase to yield six, seven, or eight molecules of 
D-glucose. Complete methylation of a Schardinger dextrin followed by acid hydrolysis yields only 2,3,6-tri-O- 
methyl-p-glucose. Propose a general structure for a Schardinger dextrin. 


Isomaltose is a disaccharide that can be obtained by enzymatic hydrolysis of amylopectin. Deduce the structure of 
isomaltose from the following data: 


1. Hydrolysis of 1 mol of isomaltose by acid or by an a-glucosidase gives 2 mol of D-glucose. 

2. Isomaltose is a reducing sugar. 

3. Isomaltose is oxidized by bromine water to isomaltonic acid. Methylation of isomaltonic acid and subsequent 
hydrolysis yields 2,3,4,6-tetra-O-methyl-p-glucose and 2,3,4,5-tetra-O-methyl-p-gluconic acid. 

4. Methylation of isomaltose itself followed by hydrolysis gives 2,3,4,6-tetra-O-methyl-p-glucose and 2,3,4-tri- 
O-methyl-p-glucose. 


Stachyose occurs in the roots of several species of plants. Deduce the structure of stachyose from the following 
data: 


1. Acidic hydrolysis of 1 mol of stachyose yields 2 mol of D-galactose, 1 mol of D-glucose, and 1 mol of D-fructose. 
2. Stachyose is a nonreducing sugar. 


3. Treating stachyose with an a-galactosidase produces a mixture containing D-galactose, sucrose, and a nonre- 
ducing trisaccharide called raffinose. 


4. Acidic hydrolysis of raffinose gives D-glucose, D-fructose, and D-galactose. Treating raffinose with an a-galac- 
tosidase yields D-galactose and sucrose. Treating raffinose with invertase (an enzyme that hydrolyzes sucrose) 
yields fructose and melibiose (see Problem 22.33). 

5. Methylation of stachyose followed by hydrolysis yields 2,3,4,6-tetra-O-methyl-p-galactose, 2,3,4-tri-O-methyl- 
D-galactose, 2,3,4-tri-O-methyl-p-glucose, and 1,3,4,6-tetra-O-methyl-p-fructose. 


SPECTROSCOPY 


Arbutin, a compound that can be isolated from the leaves of barberry, cranberry, and pear trees, has the molecular 
formula C42H46O7. When arbutin is treated with aqueous acid or with a B-glucosidase, the reaction produces D- 
glucose and a compound X with the molecular formula СНО». The 'H NMR spectrum of compound X consists 
of two singlets, one at 6 6.8 (4H) and one at 6 7.9 (2H). Methylation of arbutin followed by acidic hydrolysis yields 
2,3,4,6-tetra-O-methyl-D-glucose and a compound Y (C7HgO2). Compound Y is soluble in dilute aqueous NaOH 
but is insoluble in aqueous NaHCOs. The 'H NMR spectrum of Y shows a singlet at ô 3.9 (ЗН), a singlet at 8 4.8 
(1H), and a multiplet (that resembles a singlet) at 6 6.8 (4H). Treating compound Y with aqueous NaOH and 
(CH3)5SO, produces compound Z (СаН1002). The 'H NMR spectrum of Z consists of two singlets, one at 8 3.75 
(6H) and one at 8 6.8 (4H). Propose structures for arbutin and for compounds X, Y, and Z. 
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22.40 When subjected to a Ruff degradation, a D-aldopentose, A, is converted to an aldotetrose, B. When reduced with 
sodium borohydride, the aldotetrose B forms an optically active alditol. The С NMR spectrum of this alditol dis- 
plays only two signals. The alditol obtained by direct reduction of A with sodium borohydride is not optically active. 
When A is used as the starting material for a Kiliani-Fischer synthesis, two diastereomeric aldohexoses, C and D, 
are produced. On treatment with sodium borohydride, C leads to an alditol E, and D leads to F. The 130 NMR 
spectrum of E consists of three signals; that of F consists of six. Propose structures for A-F. 


22.41 Figure 22.21 shows the 1С NMR spectrum for the product of the reaction of D-(+)-mannose with acetone con- 
taining a trace of acid. This compound is a mannofuranose with some hydroxyl groups protected as acetone acetals 
(as acetonides). Use the '3С NMR spectrum to determine how many acetonide groups are present in the compound. 


TMS 


220 200 180 160 140 120 100 80 60 40 20 0 
бе (ppm) 


Figure 22.21 The broadband proton-decoupled 130 NMR spectrum for the reaction product in 
Problem 22.41. 


22.42 р-(+)-Маппоѕе can be reduced with sodium borohydride to form D-mannitol. When D-mannitol is dissolved in 
acetone containing а trace amount of acid and the product of this reaction subsequently oxidized with NalO;, a 
compound whose 1°C NMR spectrum consists of six signals is produced. One of these signals is near 8 200. What 
is the structure of this compound? 


Challenge Problems 


22.43 Of the two anomers of methyl 2,3-anhydro-p-ribofuranoside, I, the (9 form has a strikingly lower boiling point. 
Suggest an explanation using their structural formulas. 


HO o 
OCH, 


Learning Group Problems 


22.44 Тһе following reaction sequence represents an elegant method of synthesis of 2-deoxy-D-ribose, IV, published by 
D. C. C. Smith in 1955: 


icm s 


Н—_— OH 8 О 
HO =н X 
an rous 
H—— OH “сиво, = 
Н 0н 
— OH но 
p-Glucose | 
H O 
H 
но- 
IV H OH "HO [III] 
H OH 
OH 


(a) What are the structures of II and III? 


(b) Propose a mechanism for the conversion of III to IV. 


22.45 acetic anhydride 
p-Glucose "came D-Glucopyranose pentaacetate, 
sodium acetate anomer V 


acetic anhydride 
cat. HA 


> p-Glucopyranose pentaacetate, 
anomer VI 


The 'H NMR data for the two anomers included very comparable peaks in the ô 2.0-5.6 region but differed in that, 
as their highest 6 peaks, anomer V had a doublet at 6 5.8 (1H, J = 12 Hz) while anomer VI had a doublet at 6 6.3 
(1H, J = 4 Hz). 

(a) Which proton in these anomers would be expected to have these highest 6 values? 

(b) Why do the signals for these protons appear as doublets? 


(c) The relationship between the magnitude of the observed coupling constant and the dihedral angle (when mea- 
sured using a Newman projection) between C—H bonds on the adjacent carbons of a C—C bond is given 
by the Karplus equation. It indicates that an axial-axial relationship results in a coupling constant of about 9 Hz 
(observed range is 8-14 Hz) and an equatorial-axial relationship results in a coupling constant of about 
2 Hz (observed range 15 1-7 Hz). Which of V and VI is the а anomer and which is the 8 anomer? 


(d) Draw the most stable conformer for each of V and VI. 


Learning Group Problems 


1. (a) The members of one class of low-calorie sweeteners are called polyols. The chemical synthesis of one such 
polyol sweetener involves reduction of a certain disaccharide to a mixture of diastereomeric glycosides. The 
alcohol (actually polyol) portion of the diastereomeric glycosides derives from one of the sugar moieties in the 
original disaccharide. Exhaustive methylation of the sweetener (e.g., with dimethyl sulfate in the presence of 
hydroxide) followed by hydrolysis would be expected to produce 2,3,4,6-tetra-O-methyl-a-D-glucopyranose, 
1,2,3,4,5-penta-O-methyl-p-sorbitol, and 1,2,3,4,5-penta-O-methyl-p-mannitol, in the ratio of 2:1:1. On the basis 
of this information, deduce the structure of the two disaccharide glycosides that make up the diastereomeric 
mixture in this polyol sweetener. 
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2. 


(b) Knowing that the mixture of two disaccharide glycosides in this sweetener results from reduction of a single dis- 
accharide starting material (e.g., reduction by sodium borohydride), what would be the structure of the disaccha- 
ride reactant for the reduction step? Explain how reduction of this compound would produce the two glycosides. 


(c) Write the lowest energy chair conformational structure for 2,3,4,6-tetra-O-methyl-a-D-glucopyranose. 


Shikimic acid is a key biosynthetic intermediate in plants and microorganisms. In nature, shikimic acid is converted 
to chorismate, which is then converted to prephenate, ultimately leading to aromatic amino acids and other essen- 
tial plant and microbial metabolites (see the Chapter 21 Learning Group problem). In the course of research on 
biosynthetic pathways involving shikimic acid, H. Floss (University of Washington) required shikimic acid labeled 
with '?C to trace the destiny of the labeled carbon atoms in later biochemical transformations. To synthesize the 
labeled shikimic acid, Floss adapted a synthesis of optically active shikimic acid from D-mannose reported earlier 
by G. W. J. Fleet (Oxford University). This synthesis is a prime example of how natural sugars can be excellent 
chiral starting materials for the chemical synthesis of optically active target molecules. It is also an excellent exam- 
ple of classic reactions in carbohydrate chemistry. The Fleet—Floss synthesis of D-( —)-[1,7- 9C]-shikimic acid (1) 
from p-mannose is shown in Scheme 1. 


(a) Comment on the several transformations that occur between D-mannose and 2. What new functional groups are 
formed? 


(b) What is accomplished in the steps from 2 to 3, 3 to 4, and 4 to 5? 


(c) Deduce the structure of compound 9 (a reagent used to convert 5 to 6), knowing that it was a carbanion that 
displaced the trifluoromethanesulfonate (triflate) group of 5. Note that it was compound 9 that brought with it 
the required !?C atoms for the final product. 


(d) Explain the transformation from 7 to 8. Write out the structure of the compound in equilibrium with 7 that would 
be required for the process from 7 to 8 to occur. What is the name given to the reaction from this intermediate 
to 8? 

(e) Label the carbon atoms of D-mannose and 1 by number or letter so as to show which atoms in 1 came from 
which atoms of D-mannose. 
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* = 18C label D-(—)-[1,7-3C]-Shikimic 
acid 


Scheme 1 The synthesis of p-(—[1,7-'3C]-shikimic acid (1) by H. G. Floss, based on the route of 
Fleet et al. Conditions: (a) acetone, НА; (b) BnCl, NaH; (с) HCI, aq. MeOH; (d) NalO,4; (e) Мавн;; (f) 
(CF3S05)50, pyridine; (g) 9, NaH; (h) HCOO NH,', Pd/C; (i) NaH; (j) 60% aq. CF3COOH. 
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A sphingomyelin molecule, found in 
myelin sheath membranes. 


A bare wire conducting electricity will form a short circuit if it touches another conductor. This, of course, is why 
electrical wires are insulated. The axons of large neurons, the electrical conduits of the nervous system, are also 
insulated. Just as in electrical wires whose covering is an insulating sheath of plastic, a feature called the myelin 
sheath insulates the axons of many nerve cells from their extracellular environment. The myelin sheath is formed 
by the membrane of specialized cells, called Schwann cells, which grow around the axon and encircle it many 
times. In the structure of this membrane are molecules called lipids, a major component of which in myelin is 
sphingomyelin. A molecular model of sphingomyelin is shown above, and its structure is given in Section 23.6B. 


Myelin sheath Node of 
(composed of lipid molecules) Ranvier 


pne 
EA + + + + + + 


(Reprinted with permission of John Wiley & Sons, Inc., from Voet, D. and Voet, Ј. G., Biochemistry, 
Second Edition. © 1995 Voet, D. and Voet, J. G.) 
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Wrapping of the axon by the Schwann cell membrane provides layer on layer of insulation by sphingomyelin 
and related lipid molecules. This is the key to the insulating property of the myelin sheath. 

Unlike electrical wires that require insulation from end to end, the lipid layers of the myelin sheath are not a 
continuous insulator for the axon. Periodic gaps in the myelin sheath create nodes (called nodes of Ranvier) between 
which electrical signals of the nerve impulses hop along the axon. Propagation of nerve impulses in this way occurs 
at velocities up to 100 m 5" !, much faster than propagation in unmyelinated nerve fibers where this hopping effect 
is not possible. Impulse propagation in unmyelinated nerves is roughly 10 times slower than in myelinated nerves. 
The hopping of a nerve impulse between nodes is shown schematically in the diagram on the preceding page. 

As you might expect, myelination of nerve fibers is crucial for proper neurological function. Multiple scle- 
rosis, for example, is an autoimmune disease that causes demyelination of nerve cells, usually with very serious 
neurological consequences. Other conditions called sphingolipid storage diseases cause a buildup of various 
sphingolipids, which has various consequences. Examples of sphingolipid storage diseases are Tay-Sachs dis- 
ease and Krabbe's disease. Both of these are fatal to children under the age of 3. 

We shall see in this chapter that lipids come in a broad variety of classes—the sphingolipids mentioned 
here are but one example. We shall also see that the biological roles of lipids are even more varied and equally 
as fascinating as their structures. 


23.1 Introduction 


Lipids are compounds of biological origin that dissolve in nonpolar solvents, such as chlo- 
roform and diethyl ether. The name lipid comes from the Greek word lipos, for fat. Unlike 
carbohydrates and proteins, which are defined in terms of their structures, lipids are defined 
by the physical operation that we use to isolate them. Not surprisingly, then, lipids include 
a variety of structural types. Examples are the following: 


О 


a 
pr UM CH, 


Tuo Uu Uu < OH 
or ^R 
OH 


O 
AUC 

О i 
СН(СН,), 


R” 
A fat or oil Menthol Vitamin A 
(a triacylglycerol) (a terpenoid) (a terpenoid) 


—O—P—O + 
b- У “М(СН,), 


А lecithin Cholesterol 
(a phosphatide) (a steroid) 
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23.2 Fatty Acids and Triacylglycerols 


о 
-—2 
о 
Г— ОН 
EN 
~ БА 
—— OH —O R" 
Glycerol A triacylglycerol 


(a) (b) 


Figure 23.1 (а) Glycerol. (b) A 
triacylglycerol. The groups R, А’, 
and R” are usually long-chain 
alkyl groups. А, А’, апа А" may 
also contain one or more 
carbon-carbon double bonds. In 
a triacylglycerol R, А’, and R” 
may all be different. 


= Helpful Hint 


We saw how fatty acids are 
biosynthesized in two-carbon units 
in Special Topic E (WileyPLUS). 


A saturated triacylglycerol 


Only a small portion of the total lipid fraction obtained by extraction with a nonpolar sol- 
vent consists of long-chain carboxylic acids. Most of the carboxylic acids of biological ori- 
gin are found as esters of glycerol, that is, as triacylglycerols (Fig. 23.1).* 
Triacylglycerols are the oils of plants and the fats of animal origin. They include such com- 
mon substances as peanut oil, soybean oil, corn oil, sunflower oil, butter, lard, and tallow. 


@ Triacylglycerols that are liquids at room temperature are generally called oils; 
those that are solids are called fats. 


Triacylglycerols can be simple triacylglycerols in which all three acyl groups are the same. 
More commonly, however, the triacylglycerol is a mixed triacylglycerol in which the acyl 
groups are different. 


ө Hydrolysis of a fat or oil produces a mixture of fatty acids: 


A 


о 
O —OH о 
pu R’ (1) OH- in HO, heat А Д. 


OH 


о H + R’ OH 
о (2) H,O* о о 
Д. — OH PR 

о В” В” OH 
A fat or oil Glycerol Fatty acids 


@ Most natural fatty acids have unbranched chains and, because they are synthe- 
sized from two-carbon units, they have an even number of carbon atoms. 


Table 23.1 lists some of the most common fatty acids, and Table 23.2 gives the fatty acid 
composition of a number of common fats and oils. Notice that in the unsaturated fatty 
acids in Table 23.1 the double bonds are all cis. Many naturally occurring fatty acids con- 
tain two or three double bonds. The fats or oils that these come from are called polyun- 
saturated fats or oils. The first double bond of an unsaturated fatty acid commonly occurs 
between C9 and C10; the remaining double bonds tend to begin with C12 and C15 (as in 
linoleic acid and linolenic acid). The double bonds, therefore, are not conjugated. Triple 
bonds rarely occur in fatty acids. 

The carbon chains of saturated fatty acids can adopt many conformations but tend to 
be fully extended because this minimizes steric repulsions between neighboring methylene 
groups. 


6 Saturated fatty acids pack efficiently into crystals, and because dispersion force 
attractions are large, they have relatively high melting points. The melting points 
increase with increasing molecular weight. 


@ The cis configuration of the double bond of an unsaturated fatty acid puts a rigid 
bend in the carbon chain that interferes with crystal packing, causing reduced dis- 
persion force attractions between molecules. Unsaturated fatty acids, consequently, 
have lower melting points. 


Fatty acids known as omega-3 fatty acids are those where the third to last carbon in the 
chain is part of a carbon-carbon double bond. Long-chain omega-3 fatty acids incorporated 
in the diet are believed to have beneficial effects in terms of reducing the risk of fatal heart 
attack and easing certain autoimmune diseases, including rheumatoid arthritis and psoriasis. 


*In the older literature triacylglycerols were referred to as triglycerides, or simply as glycerides. In IUPAC 
nomenclature, because they are esters of glycerol, they should be named as glyceryl trialkanoates, glyceryl 
trialkenoates, and so on. 
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Common Fatty Acids 
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Saturated Carboxylic Acids 
O 


Ew o 


Myristic acid 
(tetradecanoic acid) 


O 
Fi PLE es 


Palmitic acid 
(hexadecanoic acid) 


O 


Stearic acid 
(octadecanoic acid) 


Unsaturated Carboxylic Acids 


ee Oe 


Palmitoleic acid 
(cis-9-hexadecenoic acid) 


O 
—— Mp ни 
Oleic acid 
(cis-9-octadecenoic acid) 
O 


PW = Ceeer 


Linoleic acid 
(cis, cis-9,12-octadecadienoic acid) 


O 


——DA K у 


Linoleic acid 
(cis,cis,cis-9,12,15-octadecatrienoic acid) 


сој 


DHA, an omega-3 fatty acid 
[(42Z,7Z,10Z,13Z,16Z,19Z)-4,7,10,13,16,19-docosahexaenoic acid] 


а 
4 


Arachidonic acid, ап omega-6 fatty acid 
[(52,8Z,112,14Z)-5,8,11,14-eicosatetraenoic acid] 


mp (°C) 


54 


63 


70 


32 


-11 


—44 


—49 
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( TABLE 23.2 | Fatty Acid Composition Obtained by Hydrolysis of Common Fats and Oils 


(8n СЯ 


Виїугіс Саргоіс 
Fat or Oil Acid Acid 


Animal Fats 


Butter 3-4 1-2 


Lard 
Beef tallow 


Vegetable Oils 
Olive 
Peanut 
Corn 
Cottonseed 
Soybean 
Linseed 
Coconut 0-1 


Marine Oils 
Cod liver 


Average Composition of Fatty Acids (mol 96) 


Saturated Unsaturated 
Cs Cio C12 Ci Сч Сав Cie Cig Cis Cis 
Caprylic  Capric  Lauric Myristic Palmitic Stearic Palmitoleic Oleic Linoleic Linolenic 
Acid Acid Acid Acid Acid Acid Acid Acid Acid Acid 
0-1 2-3 2-5 8-15 25-29 9-12 4-6 18-33 2-4 
1-2 25-30 12-18 4-6 48-60 6-12 0-1 
2-5 24-34 15-30 35-45 1-3 0-1 
0-1 5-15 1-4 67-84 8-12 
7-12 2-6 30-60 20-38 
1-2 7-11 3-4 1-2 25-35 50-60 
1-2 18-25 1-2 1-3 17-38 45-55 
1-2 6-10 2-4 20-30 50-58 5-10 
4-7 2-4 14-30 14-25 45-60 
5-7 7-9 40-50 15-20 9-12 2-4 0-1 6-9 0-1 
5-7 8-10 0-1 18-22 27-33 27-32 


Reprinted with permission of John Wiley & Sons, Inc., from Holum, J. R., Organic and Biological Chemistry, p. 220. Copyright 1978. BIOLOGY 
DATA BOOK by FASEB. Copyright 1972 by FEDN OF AM SOCIETIES FOR EXPERIMENTAL BIO (FASEB). Reproduced with permission of FEDN 
OF AM SOCIETIES FOR EXPERIMENTAL BIO (FASEB) in the format Textbook via Copyright Clearance Center. 


Oil from fish such as tuna and salmon is a good source of omega-3 fatty acids, including the 
Coo omega-3 fatty acid docosahexaenoic acid [DHA, whose full IUPAC name is (42, 
7Z,10Z,13Z,16Z,19Z)-4,7,10,13,16,19-docosahexaenoic acid]. DHA is also found in breast 
milk, gray matter of the brain, and retinal tissue. 


МЫШ ЕИ У одаја У NU SUAE CSS SS B 


(42,72,102,132,162,192)-4,7,10,13,16,19-Оосоѕаһехаепоіс acid 
(DHA, an omega-3 fatty acid) 


What we have just said about the fatty acids applies to the triacylglycerols as well. 
Triacylglycerols made up of largely saturated fatty acids have high melting points and are 
solids at room temperature. They are what we call fats. Triacylglycerols with a high pro- 
portion of unsaturated and polyunsaturated fatty acids have lower melting points. They are 
oils. Figure 23.2 shows how the introduction of a single cis double bond affects the shape 
of a triacylglycerol and how catalytic hydrogenation can be used to convert an unsaturated 
triacylglycerol into a saturated one. 


23.2A Hydrogenation of Triacylglycerols 


Solid commercial cooking fats are manufactured by partial hydrogenation of vegetable oils. 
The result is the familiar "partially hydrogenated fat" present in so many prepared foods. 
Complete hydrogenation of the oil is avoided because a completely saturated triacylglyc- 
erol is very hard and brittle. Typically, the vegetable oil is hydrogenated until a semisolid 
of appealing consistency is obtained. One commercial advantage of partial hydrogenation 
is to give the fat a longer shelf life. Polyunsaturated oils tend to react by autoxidation 
(Section 10.11D), causing them to become rancid. One problem with partial hydrogena- 
tion, however, is that the catalyst isomerizes some of the unreacted double bonds from the 
natural cis arrangement to the unnatural trans arrangement, and there is accumulating evi- 
dence that trans fats are associated with an increased risk of cardiovascular disease. 
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An unsaturated fat 


|њ, Ni 
О 
“Фе - = о > N Figure 23.2 Two typical triacylglycerols, one 
о unsaturated and one saturated. The cis double 
DN CCP TP E ee ee 4 bond of the unsaturated triacylglycerol 
о interferes with efficient crystal packing and 
о causes an unsaturated fat to have a lower 
puc T melting point. Hydrogenation of the double 
——0O bond causes an unsaturated triacylglycerol to 
A saturated fat become saturated. 


23.2B Biological Functions of Triacylglycerols 


The primary function of triacylglycerols in animals is as an energy reserve. When triacyl- 
glycerols are converted to carbon dioxide and water by biochemical reactions (1.е., when 
triacylglycerols are metabolized), they yield more than twice as many kilocalories per gram 
as do carbohydrates or proteins. This is largely because of the high proportion of car- 
bon-hydrogen bonds per molecule. 

In animals, specialized cells called adipocytes (fat cells) synthesize and store triacyl- 
glycerols. The tissue containing these cells, adipose tissue, is most abundant in the abdom- 
inal cavity and in the subcutaneous layer. Men have a fat content of about 21%, women 
about 26%. This fat content is sufficient to enable us to survive starvation for 2-3 months. 
By contrast, glycogen, our carbohydrate reserve, can provide only one day's energy need. 

All of the saturated triacylglycerols of the body, and some of the unsaturated ones, can 
be synthesized from carbohydrates and proteins. Certain polyunsaturated fatty acids, how- 
ever, are essential in the diets of higher animals. 

The amount of fat in the diet, especially the proportion of saturated fat, has been a health 
concern for many years. There is compelling evidence that too much saturated fat in the 
diet is a factor in the development of heart disease and cancer. 


Olestra and Other Fat Substitutes 


Olestra is a zero-calorie commercial fat substitute with the the sucrose framework have long-chain carboxylic acids 
look and feel of natural fats. It is a synthetic compound (fatty acids) appended to them by ester linkages. These fatty 
whose structure involves a novel combination of natural acids are from Cg to Cos in length. In the industrial synthe- 
components. The core of olestra is derived from sucrose, ^ sis of olestra, these fatty acids derive from cottonseed or 
ordinary table sugar. Six to eight of the hydroxyl groups on soybean oil. 
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(Structure at right 
used with 
permission from the 
Journal of Chemical 
Education, Vol. 74, 
No. 4, 1997, pp. 
370-372; copyright 
O 1997, Division of 
Chemical 
Education, Inc.) 


A food product 
made with olestra. 


The presence of fatty acid esters in olestra bestows on it 
the taste and culinary properties of an ordinary fat. Yet, 
olestra is not digestible like a typical fat. This is because the 
steric bulk of olestra renders it unacceptable to the enzymes 
that catalyze hydrolysis of ordinary fats. Olestra passes 
through the digestive tract unchanged and thereby adds no 
calories to the diet. As it does so, however, olestra associ- 
ates with and carries away some of the lipid-soluble vitamins, 
namely, vitamins A, D, E, and K. Foods prepared with olestra 
are supplemented with these vitamins to compensate for 
any loss that may result from their extraction by olestra. 
Studies conducted since olestra's approval have demon- 
strated that people report no more bothersome digestive 
effects when eating Olean (the trademark name for olestra) 
snacks than they do when eating full-fat chips. 

Many other fat substitutes have received consideration. 
Among these are polyglycerol esters, which presumably by 


Olestra. 


H 
о R 
R R о 
R О R 
R 
R 
Olestra 


Six to eight of the R groups are fatty acid esters, 
the remainder being hydroxyl groups. 


their steric bulk would also be undigestible, like the poly- 
ester olestra. Another approach to low-calorie fats, already 
in commercial use, involves replacement of some long-chain 
carboxylic acids on the glycerol backbone with medium- or 
short-chain carboxylic acids (C2 to C4). These compounds 
provide fewer calories because each CH» group that is 
absent from the glycerol ester (as compared to long-chain 
fatty acids) reduces the amount of energy (calories) liberated 
when that compound is metabolized. The calorie content of 
a given glycerol ester can essentially be tailored to provide 
a desired calorie output, simply by adjusting the ratio of 
long-chain to medium- and short-chain carboxylic acids. Still 
other low-calorie fat substitutes are carbohydrate- and pro- 
tein-based compounds. These materials act by generating 
a similar gustatory response to that of fat, but for various rea- 
sons produce fewer calories. 


Structure of olestra adapted by permission from Journal of Chemical Education, Vol. 74, No. 4, 1997, pp. 370-372. Copyright 1997, Division of Chemical 


Education, Inc. 


23.2C Saponification of Triacylglycerols 


6 Saponification is the alkaline hydrolysis of triacylglycerols, leading to glycerol 
and a mixture of salts of long-chain carboxylic acids: 


(0) 
[— OH TR Na* 
(0) 
os 


H,O —OH + R' O- Na* 
о 
— OH R” чі. Na* 
Glycerol Sodium carboxylates 
*soap" 


These salts of long-chain carboxylic acids are soaps, and this saponification reaction is the 
way most soaps are manufactured. Fats and oils are boiled in aqueous sodium hydroxide 
until hydrolysis is complete. Adding sodium chloride to the mixture then causes the soap 
to precipitate. (After the soap has been separated, glycerol can be isolated from the aque- 
ous phase by distillation.) Crude soaps are usually purified by several reprecipitations. 
Perfumes can be added if a toilet soap is the desired product. Sand, sodium carbonate, and 
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Figure 23.3 A portion of a soap micelle showing its interface with the polar dispersing medium. 
(Reprinted with permission of John Wiley & Sons, Inc., from Karp, G., Cell and Molecular Biology: 
Concepts and Experiments, Fourth Edition, Copyright 1999.) 


other fillers can be added to make a scouring soap, and air can be blown into the molten 
soap if the manufacturer wants to market a soap that floats. 

The sodium salts of long-chain carboxylic acids (soaps) are almost completely misci- 
ble with water. However, they do not dissolve as we might expect, that is, as individual ions. 
Except in very dilute solutions, soaps exists as micelles (Fig. 23.3). Soap micelles are usu- 
ally spherical clusters of carboxylate anions that are dispersed throughout the aqueous phase. 
The carboxylate anions are packed together with their negatively charged (and thus, polar) 
carboxylate groups at the surface and with their nonpolar hydrocarbon chains on the inte- 
rior. The sodium ions are scattered throughout the aqueous phase as individual solvated ions. 

Micelle formation accounts for the fact that soaps dissolve in water. The nonpolar (and 
thus hydrophobic) alkyl chains of the soap remain in a nonpolar environment—in the inte- 
rior of the micelle. The polar (and therefore hydrophilic) carboxylate groups are exposed 
to a polar environment—that of the aqueous phase. Because the surfaces of the micelles 
are negatively charged, individual micelles repel each other and remain dispersed through- 
out the aqueous phase. 

Soaps serve their function as “dirt removers” in a similar way. Most dirt particles (e.g., 
on the skin) become surrounded by a layer of an oil or fat. Water molecules alone are unable 
to disperse these greasy globules because they are unable to penetrate the oily layer and 
separate the individual particles from each other or from the surface to which they are stuck. 
Soap solutions, however, are able to separate the individual particles because their hydro- 
carbon chains can “dissolve” in the oily layer (Fig. 23.4). As this happens, each individual 
particle develops an outer layer of carboxylate anions and presents the aqueous phase with 
a much more compatible exterior—a polar surface. The individual globules now repel each 
other and thus become dispersed throughout the aqueous phase. Shortly thereafter, they 
make their way down the drain. 

Synthetic detergents (Fig. 23.5) function in the same way as soaps; they have long non- 
polar alkane chains with polar groups at the end. The polar groups of most synthetic deter- 
gents are sodium sulfonates or sodium sulfates. (At one time, extensive use was made of 
synthetic detergents with highly branched alkyl groups. These detergents proved to be non- 
biodegradable, and their use was discontinued.) 
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Na* 


Na* hes 


Na* 


i 
Na Na* Na* 


Na* 


Aqueous phase 


Figure 23.4  Dispersal of a hydrophobic material (e.g., oil, grease, or fat) by a soap. (Adapted with 
permission of John Wiley & Sons, Inc., from Karp, G., Cell and Molecular Biology: Concepts and 
Experiments, Fourth Edition, Copyright 1999.) 


Synthetic detergents offer an advantage over soaps; they function well in “hard” water, 
that is, water containing Ca? , Бег“, Fe?*, and Маг“ ions. Calcium, iron, and magnesium 
salts of alkanesulfonates and alkyl hydrogen sulfates are largely water soluble, and thus 
synthetic detergents remain in solution. Soaps, by contrast, form precipitates—the ring 
around the bathtub—when they are used in hard water. 


О 
| 


Re а а и Mid Nat 


A sodium alkanesulfonate 


A sodium alkyl sulfate 


A sodium alkylbenzenesulfonate 


Figure 23.5 Typical synthetic detergents. 
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23.2D Reactions of the Carboxyl Group of Fatty Acids 


Fatty acids, as we might expect, undergo reactions typical of carboxylic acids (see Chapter 17). 
They react with ЦАЈН, to form alcohols, with alcohols and mineral acid to form esters, with 
bromine and phosphorus to form a-halo acids, and with thionyl chloride to form acyl chlorides: 


(1) LiAIH, R ar 
Long-chain alcohol 
о 
я Д. 
о CH,OH, НА ОСН; 
Methyl ester 
d 
о 
Fatty acid R 
Br, Р OH 
Br 
a-Halo acid 
о 
SOCI, 
pyridine R oe 
Long-chain 


acyl chloride 


23.2E Reactions of the Alkenyl Chain of Unsaturated 
Fatty Acids 


The double bonds of the carbon chains of fatty acids undergo characteristic alkene addi- 
tion reactions (see Chapters 7 and 8): 


H H O 
H,, 
Ni 4 m ОН 
Вг Вг О 
Вг,, 
CCl, И m OH 
ct 
pal OH O 
_()0s0, 
вя (2) aq. NaHSO, NaHSO, Й uds, 
| Br pt ah 
ni uds, 
+ 
Br H О 
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The reactions presented in 
Sections 23.2D and 23.2E in the 
context of fatty acids are the same 
as those we studied in earlier 
chapters regarding carboxylic acids 
and alkenes. 
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Review Problem 23.1 


(a) How many stereoisomers are possible for 9,10-dibromohexadecanoic acid? 


(b) The addition of bromine to palmitoleic acid yields primarily one set of enantiomers, 
(+)-threo-9,10-dibromohexadecanoic acid. The addition of bromine is an anti addition 
to the double bond (1.е., it apparently takes place through a bromonium ion intermedi- 
ate). Taking into account the cis stereochemistry of the double bond of palmitoleic acid 
and the stereochemistry of the bromine addition, write three-dimensional structures for 
е (+)-threo-9,10-dibromohexadecanoic acids. 


The graphic shown below (a) depicts a self-assembled 
monolayer of alkanethiol molecules on a gold surface. The 
alkanethiol molecules spontaneously form a layer that is one 
molecule thick (a monolayer) because they are tethered to 
the gold surface at one end by a covalent bond to the metal 
and because van der Waals intermolecular forces between 
the long alkane chains cause them to align next to each 
other in an approximately perpendicular orientation to the 
gold surface. Many researchers are exploiting self-assem- 
bled monolayers (SAMs) for the preparation of surfaces that 
have specific uses in medicine, computing, and telecom- 
munications. One example in biomedical engineering that 
may lead to advances in surgery involves testing cells for 
their response to SAMs with varying head groups. By vary- 
ing the structure of the exposed head group of the mono- 
layer, it may be possible to create materials that have either 
affinity for or resistance against cell binding (b). Such prop- 
erties could be useful in organ transplants for inhibiting 
rejection by cells of the immune system or in prosthesis surg- 


THE CHEMISTRY OF... 


Self-Assembled Monolayers—Lipids in Materials Science and Bioengineering 


eries where the binding of tissue to the artificial device is 
desired. 

Monolayers called Langmuir-Blodgett (LB) films also 
involve self-assembly of molecules on a surface. In this case, 
however, the molecules do not become covalently attached 
to the surface. These LB films are inherently less stable than 
covalently bonded monolayers, but they have characteris- 
tics that are useful for certain applications in nanotechnol- 
ogy. For example, an LB film made from phospholipid 
(Section 23.6) and catenane molecules was used in making 
the array of molecular switches we discussed in "The 
Chemistry of . . . Nanoscale Motors and Molecular Switches" 
(Chapter 4). This LB monolayer (c) was formed at a water-air 
interface where the polar phosphate head groups of the 
phospholipid buried themselves in water and the hydropho- 
bic carbon tails projected out into the air. Interspersed 
among them were the catenane molecules. In later steps, 
this monolayer was lifted from the water-air surface and 
transferred onto a solid gold surface. 


RRRRRRRRRRR 
R = COOH 


Lig 


Gold R = CH, 
(a) (b) (с) 


(a) A self-assembled monolayer of аКапе о! molecules on a gold surface (А = СНз or СООН). (b) Spreading of a Swiss 3T3 fibroblast 
cell plated on a COOH-terminated self-assembled monolayer (top) indicates effective signaling on the surface. The fibroblast cell on a 
CH3-terminated monolayer (bottom) curls away from surface. The cells were stained with a rhodamine-tagged toxin that binds to 
filamentous actin and then were imaged under fluorescent light. (c) A Langmuir-Blodgett (LB) film formed from phospholipid molecules 
(golden color) and catenane molecules (purple and gray with green and red groups) at an air-water interface. (Image of switching 
devices based on interlocked molecules reprinted with permission from Pease, A.R., Jeppensen, J.E., et al., Accounts of Chemical 
Research, Vol. 34, No. 6, p. 433, Figure 8C, June 2001. Copyright 2001 American Chemical Society.) 
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23.3 Terpenes and Terpenoids 

People have isolated organic compounds from plants since antiquity. By gently heating or 
by steam distilling certain plant materials, one can obtain mixtures of odoriferous com- 
pounds known as essential oils. These compounds have had a variety of uses, particularly 
in early medicine and in the making of perfumes. 

As the science of organic chemistry developed, chemists separated the various components 
of these mixtures and determined their molecular formulas and, later, their structural formu- 
las. Even today these natural products offer challenging problems for chemists interested in 
structure determination and synthesis. Research in this area has also given us important infor- 
mation about the ways the plants themselves synthesize these compounds. 


Helpful Hin: 


€ Hydrocarbons known generally as terpenes and oxygen-containing compounds < 
called terpenoids are the most important constituents of essential oils. Terpene biosynthesis was 
described in Special Topic E 
© Most terpenes have skeletons of 10, 15, 20, or 30 carbon atoms and are classified (WileyPLUS) 


in the following way: 


Number of 
Carbon Atoms Class 
10 Monoterpenes 
15 Sesquiterpenes 
20 Diterpenes 
30 Triterpenes 


@ One can view terpenes as being built up from two or more Cs units known as 
isoprene units. Isoprene is 2-methyl-1,3-butadiene. 


Isoprene and the isoprene unit can be represented in various ways: 


P 


2-Methyl-1,3-butadiene 
(isoprene) 


An isoprene unit 


We now know that plants do not synthesize terpenes from isoprene (see Special Topic E, 
WileyPLUS). However, recognition of the isoprene unit as a component of the structure of 
terpenes has been a great aid in elucidating their structures. We can see how if we exam- 


ine the following structures: 


The isoprene units 
in myrcene and 
a-Farnesene 
are outlined. 


227% 


Мугсепе a-Farnesene 
(isolated from bay oil) (from natural coating of apples) 
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(from oil of lemon or orange) 


Solved Problem 23.1 
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By the outlines in the formulas above, we can see that the monoterpene (myrcene) has two 
isoprene units; the sesquiterpene (a-farnesene) has three. In both compounds the isoprene 
units are linked head to tail: 


(head) (tail) (head) (tail) 


Many terpenes also have isoprene units linked in rings, and others (terpenoids) contain 
oxygen: 


CH, 
= OH 
y OH 
В-Ріпепе ај“ 
(from oil of turpentine) Geraniol Menthol 
(from roses and other flowers) (from peppermint) 


Hydrogenation of the sesquiterpene caryophyllene produces a compound with the molecular formula C;5H2g. What 
information does this provide about the structure of caryophyllene? 


STRATEGY AND ANSWER Caryophyllene has the molecular formula C15H24, and therefore an index of hydro- 
gen deficiency (IHD) of 4. Its reaction with two molar equivalents of hydrogen suggests that caryophyllene has 
two double bonds or one triple bond, accounting for two of the four units of hydrogen deficiency. The remaining 
two units of hydrogen deficiency are due to rings. (The structure of caryophyllene is given in Review Problem 23.2.) 


Review Problem 23.2 


(a) Show the isoprene units in each of the following terpenes. (b) Classify each as a monoter- 
pene, sesquiterpene, diterpene, and so on. 


CH, 


Zingiberene B-Selinene 
(from oil of ginger) (from oil of celery) 


Caryophyllene Squalene 
(from oil of cloves) (from shark liver oil) 
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Solved Problem 23.2 


What products would you expect to obtain if caryophyllene were subjected to ozonolysis followed by workup with 
dimethyl sulfide? 


ANSWER 
and HCHO (formaldehyde) 
What products would you expect to obtain if each of the following terpenes were subjected Review Problem 23.3 
to ozonolysis and subsequent treatment with dimethyl sulfide? 
(a) Myrcene (c) a-Farnesene (e) Squalene 
(b) Limonene (d) Geraniol 
Give structural formulas for the products that you would expect from the following reac- Review Problem 23.4 
tions: 
KM heat HCI 

(a) B-Pinene EMO tes (c) Caryophyllene Lc M 

NE Н, Pt Я (1) ВН;:ТНЕ (2 eqviv.) 

E „а ke LE PR 

(b) Zingiberene ———> (d) 8-Selinene (2) H,0,, OH- 
What simple chemical test could you use to distinguish between geraniol and menthol? Review Problem 23.5 


The carotenes are tetraterpenes. They can be thought of as two diterpenes linked in tail- 
to-tail fashion: 


a-Carotene 


B-Carotene 


y-Carotene 
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The carotenes are present in almost all green plants. In animals, all three carotenes serve as 
precursors for vitamin A, for they all can be converted to vitamin A by enzymes in the liver. 


uA RRS OOH 


Vitamin A 


In this conversion, one molecule of B-carotene yields two of vitamin A; a- and y-carotene 
give only one. Vitamin À is important not only in vision but in many other ways as well. 
For example, young animals whose diets are deficient in vitamin A fail to grow. Vitamin 
A, B-carotene, and vitamin E (“The Chemistry of ... Antioxidants,’ Section 10.11) are 
important lipid-soluble antioxidants, as well. 


23.3A Natural Rubber 


Natural rubber can be viewed as a 1,4-addition polymer of isoprene. In fact, pyrolysis 
degrades natural rubber to isoprene. Pyrolysis (Greek: pyros, a fire, + lysis) is the heating 
of a substance in the absence of air until it decomposes. The isoprene units of natural rub- 
ber are all linked in a head-to-tail fashion, and all of the double bonds are cis: 


etc: ) ) etc. 


Natural rubber 
(cis-1,4-polyisoprene) 


Ziegler-Natta catalysts (see Special Topic B) make it possible to polymerize isoprene 
and obtain a synthetic product that is identical with the rubber obtained from natural sources. 

Pure natural rubber is soft and tacky. To be useful, natural rubber has to be vulcanized. 
In vulcanization, natural rubber is heated with sulfur. A reaction takes place that produces 
cross-links between the cis-polyisoprene chains and makes the rubber much harder. Sulfur 
reacts both at the double bonds and at allylic hydrogen atoms: 


„> etc. 
S 
"y etc. 


Vulcanized rubber 


n—-n 


The lipid fractions obtained from plants and animals contain another important group of 
compounds known as steroids. Steroids are important “biological regulators” that nearly 
always show dramatic physiological effects when they are administered to living organ- 
isms. Among these important compounds are male and female sex hormones, adrenocor- 
tical hormones, D vitamins, the bile acids, and certain cardiac poisons. 
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23.4A Structure and Systematic Nomenclature of Steroids 


Steroids are derivatives of the following perhydrocyclopentanophenanthrene ring system: 


18 
12 CH, 


4 6 


The carbon atoms of this ring system are numbered as shown. The four rings are des- 
ignated with letters. In most steroids the B,C and C,D ring junctions are trans. The A,B 
ring junction, however, may be either cis or trans, and this possibility gives rise to two gen- 
eral groups of steroids having the three-dimensional structures shown in Fig. 23.6. 

The methyl groups that are attached at points of ring junction (i.e., those numbered 18 
and 19) are called angular methyl groups, and they serve as important reference points 
for stereochemical designations. The angular methyl groups protrude above the general 
plane of the ring system when it is written in the manner shown in Fig. 23.6. By conven- 
tion, other groups that lie on the same general side of the molecule as the angular methyl 
groups (1.е., on the top side) are designated В substituents (these are written with a solid 
wedge). Groups that lie generally on the bottom (i.e., are trans to the angular methyl groups) 
are designated æ substituents (these are written with a dashed wedge). When a and f des- 
ignations are applied to the hydrogen atom at position 5, the ring system in which the A,B 
ring junction is trans becomes the 5а series; the ring system in which the A,B ring junc- 
tion is cis becomes the 58 series. 


18 
CH, 


5a Series of steroids 2 
(All ring junctions are trans.) < __Нагрјш Hint 


Build handheld molecular models 
of the 5a and 58 series of steroids 
and use them to explore the 
structures of steroids discussed in 
this chapter. 


18 


5B Series of steroids Figure 23.6 The basic ring systems of 
(A,B ring junction is cis.) the Ба and 58 series of steroids. 
Draw the two basic ring systems given in Fig. 23.6 for the за and 58 series showing all Review Problem 23.6 


hydrogen atoms of the cyclohexane rings. Label each hydrogen atom as to whether it is 
axial or equatorial. 
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Review Problem 23.7 
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In systematic nomenclature the nature of the R group at position 17 determines (pri- 
marily) the base name of an individual steroid. These names are derived from the steroid 
hydrocarbon names given in Table 23.3. 


СЗЭ Names of Steroid Hydrocarbons 


R Name 
1 Androstane 
H 19 
! (with —H also replacing —CH,) Estrane 
20 
21 Pregnane 
21 22 24 
20 23 Cholane 
21 22 24 26 
20 23 25 
b b d d Cholestane 
27 


The following two examples illustrate the way these base names are used: 


5a-Pregnan-3-one 5a-Cholest-1-en-3-one 


We shall see that many steroids also have common names and that the names of the steroid 
hydrocarbons given in Table 23.3 are derived from these common names. 


(a) Androsterone, a secondary male sex hormone, has the systematic name 3a-hydroxy- 
5a-androstan-17-one. Give a three-dimensional formula for androsterone. 


(b) Norethynodrel, a synthetic steroid that has been widely used in oral contraceptives, has 
the systematic name 17a-ethynyl-178-hydroxy-5(10)-estren-3-one. Give a three-dimen- 
sional formula for norethynodrel. 


23.4B Cholesterol 


Cholesterol, one of the most widely occurring steroids, can be isolated by extraction of 
nearly all animal tissues. Human gallstones are a particularly rich source. 
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Cholesterol was first isolated in 1770. In the 1920s, two German chemists, Adolf 
Windaus (University of Góttingen) and Heinrich Wieland (University of Munich), were 
responsible for outlining a structure for cholesterol; they received Nobel prizes for their 
work in 1927 and 1928.* 

Part of the difficulty in assigning an absolute structure to cholesterol is that cholesterol 
contains eight tetrahedral chirality centers. This feature means that 28, ог 256, possible 
stereoisomeric forms of the basic structure are possible, only one of which is cholesterol: 


C H3 ht, 
НС 


B 


5-Cholesten-3 [3-0] 
(absolute configuration of cholesterol) 


Designate with asterisks the eight chirality centers of cholesterol. 


Cholesterol occurs widely in the human body, but not all of the biological functions of 
cholesterol are yet known. Cholesterol is known to serve as an intermediate in the biosyn- 
thesis of all of the steroids of the body. Cholesterol, therefore, is essential to life. We do not 
need to have cholesterol in our diet, however, because our body can synthesize all we need. 
When we ingest cholesterol, our body synthesizes less than if we ate none at all, but the total 
cholesterol is more than if we ate none at all. Far more cholesterol is present in the body than 
is necessary for steroid biosynthesis. High levels of blood cholesterol have been implicated 
in the development of arteriosclerosis (hardening of the arteries) and in heart attacks that occur 
when cholesterol-containing plaques block arteries of the heart. Considerable research is being 
carried out in the area of cholesterol metabolism with the hope of finding ways of minimiz- 
ing cholesterol levels through the use of dietary adjustments or drugs. 

It is important to note that, in common language, “cholesterol” does not necessarily refer 
only to the pure compound that chemists call cholesterol, but often refers instead to mix- 
tures that contain cholesterol, other lipids, and proteins. These aggregates are called chy- 
lomicrons, high-density lipoproteins (HDLs), and 
low-density lipoproteins (LDLs). They have structures gen- 
erally resembling globular micelles, and they are the vehi- 
cles by which cholesterol is transported through the 
aqueous environment of the body. Hydrophilic groups of 
their constituent proteins and phospholipids, and choles- 
terol hydroxyl substituents are oriented outward toward the 
water medium so as to facilitate transport of the lipids 
through the circulatory system. HDLs (the “good choles- 
terol”) carry lipids from the tissues to the liver for degra- 
dation and excretion. LDL (“bad cholesterol") carries 
biosynthesized lipids from the liver to the tissues (see Fig. 
23.7). Chylomicrons transport dietary lipids from the 
intestines to the tissues. 


Unesterified 
cholesterol 


Phospholipid 


Cholesteryl 
ester 


*The original cholesterol structure proposed by Windaus and Wieland was incorrect. This became evident in 
1932 as a result of X-ray diffraction studies done by the British physicist J. D. Bernal. By the end of 1932, 
however, English scientists, and Wieland himself, using Bernal's results, were able to outline the correct 
structure of cholesterol. 
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=- Helpful Hint i 


We saw how cholesterol is 
biosynthesized in "The Chemistry 
of . . . Cholesterol Biosynthesis” in 
WileyPLUS materials for Chapter 8. 


Review Problem 23.8 


Figure 23.7 An LDL showing а 
core of cholesterol esters and a 
shell of phospholipids and 
unesterified cholesterol 
(hydroxyl groups exposed), 
wrapped in an apolipoprotein. 
The phospholipid head groups 
and hydrophilic residues of the 
protein support the water 
compatibility of the LDL particle. 
(Reprinted with permission of 
John Wiley & Sons, Inc., from 
Voet, D. and Voet, J. G., 
Biochemistry, Second Edition. © 
1995 Voet, D. and Voet, J. G.) 


Apolipoprotein 
B-100 
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Certain compounds related to steroids and derived from plants are now known to lower 
total blood cholesterol when used in dietary forms approved by the FDA. Called phy- 
tostanols and phytosterols, these patented compounds act by inhibiting intestinal absorp- 
tion of dietary cholesterol. They are marketed as food in the form of edible spreads. An 
example of a phytostanol is shown here. 


RO 


e A phytostanol ester 
B ( B-sitostanol, 
H 


R = fatty acid) 


23.4C Sex Hormones 


The sex hormones can be classified into three major groups: (1) the female sex hormones, 
or estrogens; (2) the male sex hormones, or androgens; and (3) the pregnancy hormones, 
or progestins. 

The first sex hormone to be isolated was an estrogen, estrone. Working independently, 
Adolf Butenandt (in Germany at the University of Góttingen) and Edward Doisy (in the 
United States at St. Louis University) isolated estrone from the urine of pregnant women. 
They published their discoveries in 1929. Later, Doisy was able to isolate the much more 
potent estrogen, estradiol. In this research Doisy had to extract 4 tons of sow ovaries in 
order to obtain just 12 mg of estradiol. Estradiol, it turns out, is the true female sex hor- 
mone, and estrone is a metabolized form of estradiol that is excreted. 


HO HO 


Estrone Estradiol 
[3-hydroxy-1,3,5(10)-estratrien-17-one] [1,3,5(10)-estratriene-3,17 8-а! 01] 


Estradiol is secreted by the ovaries and promotes the development of the secondary 
female characteristics that appear at the onset of puberty. Estrogens also stimulate the devel- 
opment of the mammary glands during pregnancy and induce estrus (heat) in animals. 

In 1931, Butenandt and Kurt Tscherning isolated the first androgen, androsterone. They 
were able to obtain 15 mg of this hormone by extracting approximately 15,000 L of male 
urine. Soon afterward (in 1935), Ernest Laqueur (in Holland) isolated another male sex hor- 
mone, testosterone, from bull testes. It soon became clear that testosterone is the true male 
sex hormone and that androsterone is a metabolized form of testosterone that is excreted 
in the urine. 


HO z 


Androsterone Testosterone 
(3a-hydroxy-5 a-androstan-17-one) (178-hydroxy-4-androsten-3-one) 


23.4 Steroids 


Testosterone, secreted by the testes, is the hormone that promotes the development of 
secondary male characteristics: the growth of facial and body hair, the deepening of the 
voice, muscular development, and the maturation of the male sex organs. 

Testosterone and estradiol, then, are the chemical compounds from which “maleness” and 
"femaleness" are derived. It is especially interesting to examine their structural formulas and 
see how very slightly these two compounds differ. Testosterone has an angular methyl group 
at the A,B ring junction that is missing in estradiol. Ring A of estradiol is a benzene ring and, 
as a result, estradiol is a phenol. Ring A of testosterone contains an a,8-unsaturated keto group. 


The estrogens (estrone and estradiol) are easily separated from the androgens (androsterone 
and testosterone) on the basis of one of their chemical properties. What is the property, and 
how could such a separation be accomplished? 


O 


Progesterone 
(4-pregnene-3,20-dione) 


Progesterone is the most important progestin (pregnancy hormone). After ovulation occurs, 
the remnant of the ruptured ovarian follicle (called the corpus luteum) begins to secrete proges- 
terone. This hormone prepares the lining of the uterus for implantation of the fertilized ovum, 
and continued progesterone secretion is necessary for the completion of pregnancy. 
(Progesterone is secreted by the placenta after secretion by the corpus luteum declines.) 

Progesterone also suppresses ovulation, and it is the chemical agent that apparently accounts 
for the fact that pregnant women do not conceive again while pregnant. It was this observa- 
tion that led to the search for synthetic progestins that could be used as oral contraceptives. 
(Progesterone itself requires very large doses to be effective in suppressing ovulation when 
taken orally because it is degraded in the intestinal tract.) A number of such compounds have 
been developed and are now widely used. In addition to norethynodrel (see Review Problem 
23.7), another widely used synthetic progestin is its double-bond isomer, norethindrone: 


Norethindrone 
(17a-ethynyl-17 6 -hydroxy-4-estren-3-one) 
Synthetic estrogens have also been developed, and these are often used in oral contra- 
ceptives in combination with synthetic progestins. A very potent synthetic estrogen is the 
compound called ethynylestradiol or novestrol: 


HO 


Ethynylestradiol 
[17a-ethynyl-1,3,5(10)-estratriene-3,17 g-diol] 
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Review Problem 23.9 
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23.4D Adrenocortical Hormones 


At least 28 different hormones have been isolated from the adrenal cortex, part of the adrenal 
glands that sit on top of the kidneys. Included in this group are the following two steroids: 


OH 


Cortisone Cortisol 
(17a,21-dihydroxy-4-pregnene-3,11,20-trione) (118,17a,21-trihydroxy-4-pregnene-3,20-dione) 


Most of the adrenocortical steroids have an oxygen function at position 11 (a keto group 
in cortisone, for example, and a -hydroxyl in cortisol). Cortisol is the major hormone syn- 
thesized by the human adrenal cortex. 

The adrenocortical steroids are apparently involved in the regulation of a large number 
of biological activities, including carbohydrate, protein, and lipid metabolism; water and 
electrolyte balance; and reactions to allergic and inflammatory phenomena. Recognition, 
in 1949, of the anti-inflammatory effect of cortisone and its usefulness in the treatment of 
rheumatoid arthritis led to extensive research in this area. Many 11-oxygenated steroids are 
now used in the treatment of a variety of disorders ranging from Addison’s disease to asthma 
and skin inflammations. 


23.4E D Vitamins 


The demonstration, in 1919, that sunlight helped cure rickets—a childhood disease char- 
acterized by poor bone growth—began a search for a chemical explanation. Subsequent 
investigations showed that D vitamins were involved, and eventually it became known that 
one of several D vitamins, called vitamin D3, is the curative factor. Vitamin D3 is formed 
in the skin from 7-dehydrocholesterol by two reactions. In the first reaction (below), 


Нас, 


sunlight 
UV-B 
(280-320 nm) 


7-Dehydrocholesterol pre-vitamin 05 


Нас 


CH3 


spontaneous 
— o 
isomerization 


HO" 


Vitamin D3 
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ultraviolet light in the UV-B range (280—320 nm, which can penetrate the epidermal layer) 
brings about a 6-electron conrotatory electrocyclic reaction (see Special Topic H, 
WileyPLUS) to produce pre-vitamin D3. Following this, a spontaneous isomerization (by 
way of a [1,7] sigmatropic hydride shift) produces vitamin D3 itself. 

Vitamin D3 is required for good health because it is essential in the process by which 
calcium (as Ca?*) is absorbed from the intestine so as to allow for proper bone growth. 

Various factors can cause a deficiency of sunlight and therefore of vitamin Ds, includ- 
ing one's geographic latitude and the season of the year. Sunlight levels are lower in extreme 
northern and southern latitudes, and are much lower in winter, so much so that for these 
conditions dietary guidelines in many countries call for supplemental D3 for children and 
older persons. Other factors that can affect vitamin D3 production in the skin are skin col- 
oration, cloud cover, and the use of sunscreens. 


23.4F Other Steroids 


The structures, sources, and physiological properties of a number of other important steroids 
are given in Table 23.4. 


"nacer ) Other Important Steroids 


Digitoxigenin is a cardiac aglycone that 
can be isolated by hydrolysis of digitalis, a 
pharmaceutical that has been used in 
treating heart disease since 1785. In digi- 
talis, sugar molecules are joined in acetal 
linkages to the 3-OH group of the steroid. 
In small doses digitalis strengthens the 
heart muscle; in larger doses it is a power- 
ful heart poison. The aglycone has only 
about one-fortieth the activity of digitalis. 


LE Cholic acid is the most abundant acid 


obtained from the hydrolysis of human or 
ox bile. Bile is produced by the liver and 
stored in the gallbladder. When secreted 
into the small intestine, bile emulsifies 

. lipids by acting as a soap. This action aids 
"OH in the digestive process. 


Cholic acid 


Stigmasterol is a widely occurring plant 
steroid that is obtained commercially from 
soybean oil. B-Sitostanol (а phytostanol, 
esters of which inhibit dietary cholesterol 
absorption) has the same formula except 
that it is saturated (C5 hydrogen is o). 


СНз 


Diosgenin is obtained from a Mexican 
vine, cabeza de negro, genus Dioscorea. 
It is used as the starting material for a 
commercial synthesis of cortisone and 
sex hormones. 


Diosgenin 
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Review Problem 23.10 


HO 
5a,6a-Epoxycholestan-3 f-ol 
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23.4G Reactions of Steroids 


Steroids undergo all of the reactions that we might expect of molecules containing double 
bonds, hydroxyl groups, keto groups, and so on. While the stereochemistry of steroid reac- 
tions can be quite complex, it is often strongly influenced by the steric hindrance presented 
at the B face of the molecule by the angular methyl groups. Many reagents react preferen- 
tially at the relatively unhindered а face, especially when the reaction takes place at a func- 
tional group very near an angular methyl group and when the attacking reagent is bulky. 
Examples that illustrate this tendency are shown in the reactions below: 


CHj H 

И a 
H В 
$9 VÀ 

5a-Cholestan-36-ol 


(85-95%) 


HO 


5a,6a-Epoxycholestan-3-ol 
(only product) 


Cholesterol 


1) BH,:THF 


( 
(2) H,0,, OH- 


5a-Cholestane-39,60o-diol 
(78%) 


When the epoxide ring of 5a,6a-epoxycholestan-38-ol (see the following reaction) is 
opened, attack by chloride ion must occur from the f face, but it takes place at the more 
open 6 position. Notice that the 5 and 6 substituents in the product are diaxial (Section 8.13): 


ann 


Show how you might convert cholesterol into each of the following compounds: 
(a) 5a,6B-Dibromocholestan-35-ol (d) 6a-Deuterio-5a-cholestan-3B-ol 
(b) Cholestane-36,5a,66-triol (e) 68-Bromocholestane-3B,5a-diol 
(c) 5a-Cholestan-3-one 


The relative openness of equatorial groups (when compared to axial groups) also influ- 
ences the stereochemical course of steroid reactions. When 5a-cholestane-38,7a-diol (see 
the following reaction) is treated with excess ethyl chloroformate (EtOCOC)), only the equa- 
torial 38-hydroxyl becomes esterified. The axial 7a-hydroxyl is unaffected by the reaction: 
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i in (excess) OW 
Я OH 


OH [e] 


5a-Cholestane-38,7a-diol (only product) 


By contrast, treating 5a-cholestane-39,70-diol with excess ethyl chloroformate esteri- 
fies both hydroxyl groups. In this instance both groups are equatorial: 


/ E / d 7 x OEt 
о Lat ss (2 equiv.) Eto О on 


Y 


5a-Cholestane-3,7-diol (only product) 


23.5 Prostaglandins 
One very active area of research has concerned a group of lipids called prostaglandins. 
Prostaglandins are Cog carboxylic acids that contain a five-membered ring, at least one dou- 
ble bond, and several oxygen-containing functional groups. Two of the most biologically 
active prostaglandins are prostaglandin E» and prostaglandin Fj,: 


à Helpful Hint 


These names for the 
prostaglandins are abbreviated 
designations used by workers in 
the field; systematic names are 
seldom used for prostaglandins. 


Prostaglandin E, 
(PGE,) 


на H OH 
Prostaglandin F}, 
(PGF,,) 


Prostaglandins of the E type have a carbonyl group at C9 and a hydroxyl group at C11; N y Lom ies Mee in 
those of the F type have hydroxyl groups at both positions. Prostaglandins of the 2 series нны En Hx iri 
have a double bond between C5 and C6; in the 1 series this bond is a single bond. Bergström and B. І. Samuelsson 
First isolated from seminal fluid, prostaglandins have since been found in almost all ani- ae Help uc 
mal tissues. The amounts vary from tissue to tissue but are almost always very small. Most Wall sean ne Hugoni. 
prostaglandins have powerful physiological activity, however, and this activity covers à Beckenham, England) for their 
broad spectrum of effects. Prostaglandins аге known to affect heart rate, blood pressure, Work on prostaglandins. 
blood clotting, conception, fertility, and allergic responses. 
The finding that prostaglandins can prevent formation of blood clots has great clinical 
significance, because heart attacks and strokes often result from the formation of abnormal 
clots in blood vessels. An understanding of how prostaglandins affect the formation of clots 
may lead to the development of drugs to prevent heart attacks and strokes. 
The biosynthesis of prostaglandins of the 2 series begins with a Cog polyenoic acid, 


arachidonic acid, an omega-6 fatty acid. (Synthesis of prostaglandins of the 1 series begins 
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with a fatty acid with one fewer double bond.) The first step requires two molecules of oxy- 
gen and is catalyzed by an enzyme called cyclooxygenase: 


Сон 


20, 
cyclooxygenase 
CH, (inhibited by aspirin) 


СОН several 
> 


CH, steps PGE, and other prostaglandins 


B 


Он 
PGG, 
(a cyclic endoperoxide) 


The involvement of prostaglandins in allergic and inflammatory responses has also been 
of special interest. Some prostaglandins induce inflammation; others relieve it. The most 
widely used anti-inflammatory drug is ordinary aspirin (see Section 21.8). Aspirin blocks 
the synthesis of prostaglandins from arachidonic acid, apparently by acetylating the enzyme 
cyclooxygenase, thus rendering it inactive (see the previous reaction). This reaction may 
represent the origin of aspirin’s anti-inflammatory properties. Another prostaglandin (РСЕ) 
is a potent fever-inducing agent (pyrogen), and aspirin's ability to reduce fever may also 
arise from its inhibition of prostaglandin synthesis. 


23.6 Phospholipids and Cell Membranes 


Another large class of lipids are those called phospholipids. Most phospholipids are struc- 
turally derived from a glycerol derivative known as a phosphatidic acid. In a phosphatidic 
acid, two hydroxyl groups of glycerol are joined in ester linkages to fatty acids and one 
terminal hydroxyl group is joined in an ester linkage to phosphoric acid: 


Д 
—О R From 
о fatty acids 
m 88 
From 
ETSI phosphoric acid 
OH 


A phosphatidic acid 
(a diacylglyceryl phosphate) 


23.6A Phosphatides 


In phosphatides, the phosphate group of a phosphatidic acid is bound through another phos- 
phate ester linkage to one of the following nitrogen-containing compounds: 


23.6 Phospholipids and Cell Membranes 


O 
N(CHg)3 HO- NH 
по SO” ои А НО о 
*NHs 
Choline 2-Aminoethanol L-Serine 


(ethanolamine) 
The most important phosphatides are the lecithins, cephalins, phosphatidylserines, 


and plasmalogens (a phosphatidyl derivative). Their general structures are shown in 
Table 23.5. 


| TABLE 235 ] Phosphatides 


Lecithins Cephalins 

[e] [e] 
"T m 

[e] [e] 
Б я T" 

| | 

a. NH, 
O—P—O + O—P—O 
У “мсн, | 

OF (од 

(from choline) (from 2-aminoethanol) 
R is saturated and R' is 
unsaturated. 
Phosphatidylserines Plasmalogens 

о 

p OR R is —CH—CH(CH,),CH, 
О о R о (This linkage is that of an 
A pu a, B-unsaturated ether.) 

Q R' O R' 

| i i 

NH 

О—Р —o^ e peg es 

OF "NH, be 

(from L-serine) (from 2-aminoethanol) or 

=] "m i 

"— —— I0 OCH,CH;N (CH,), (from choline) 
unsaturated. R' is an unsaturated fatty acid. 


Phosphatides resemble soaps and detergents in that they are molecules having both polar 
and nonpolar groups (Fig. 23.8a). Like soaps and detergents, too, phosphatides “dissolve” 
in aqueous media by forming micelles. There is evidence that in biological systems the pre- 
ferred micelles consist of three-dimensional arrays of "stacked" bimolecular micelles 
(Fig. 23.85) that are better described as lipid bilayers. 
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Polar gr 
Nonpolar group p urs 
|| 
CCM CM CH CH CN CN CHCH CHACH CHA CHECHA CHE CHACH —-COCH, 
| 
CH CH CH CH CH CH CH CH CH CHCH CH CH CH CH CH CH, — Сосн 
i 
CH,OPOCH;CHN(CH;)s 
o 


(a) 
Figure 23.8 (a) Polar and HE 
nonpolar sections of a 

phosphatide. (b) A phosphatide 

micelle or lipid bilayer. (b) 

The hydrophilic and hydrophobic portions of phosphatides make them perfectly suited 
for one of their most important biological functions: They form a portion of a structural 
unit that creates an interface between an organic and an aqueous environment. This struc- 
ture (Fig. 23.9) is located in cell walls and membranes where phosphatides are often found 
associated with proteins and glycolipids (Section 23.6B). 


Glycolipid Oligosaccharide Integral protein Hydrophobic 
о helix 


Phospholipid Cholesterol 


Figure 23.9 А schematic diagram of a plasma membrane. Integral proteins (red-orange), shown 
for clarity in much greater proportion than they are found in actual biological membranes, and 
cholesterol (yellow) are embedded in a bilayer composed of phospholipids (blue spheres with two 
wiggly tails). The carbohydrate components of glycoproteins (yellow beaded chains) and 
glycolipids (green beaded chains) occur only on the external face of the membrane. (Reprinted with 
permission of John Wiley & Sons, Inc., from Voet, D.; Voet, J. G.; Pratt, C., Fundamentals of 
Biochemistry, Life at the Molecular Level; € 1999 Voet, D. and Voet, J. G.) 


23.6 Phospholipids and Cell Membranes 


Under suitable conditions all of the ester (and ether) linkages of a phosphatide can be 
hydrolyzed. What organic compounds would you expect to obtain from the complete hydrol- 
ysis of (see Table 23.5) (a) a lecithin, (b) a cephalin, and (c) a choline-based plasmalogen? 
[Note: Pay particular attention to the fate of the o.,8-unsaturated ether in part (c). 


) THE CHEMISTRY ОЕ... 


STEALTH® Liposomes for Drug Delivery 
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Review Problem 23.11 


The anticancer drug Doxil (doxorubicin) has been packaged 
in STEALTH® liposomes that give each dose of the drug 
extended action in the body. During manufacture of the 
drug it is ensconced in microscopic bubbles (vesicles) 
formed by a phospholipid bilayer and then given a special 
coating that masks it from the immune system. Ordinarily, a 
foreign particle such as this would be attacked by cells of 
the immune system and degraded, but a veil of polyethyl- 
ene glycol oligomers on the liposome surface masks it from 
detection. Because of this coating, the STEALTH® liposome 


circulates through the body and releases its therapeutic con- 
tents over a period of time significantly greater than the life- 
time for circulation of the undisguised drug. Coatings like 
those used for STEALTH® liposomes may also be able to 
reduce the toxic side effects of some drugs. Furthermore, 
by attaching specific cell recognition “marker” molecules to 
the polymer, it may be possible to focus binding of the lipo- 
somes specifically to cells of a targeted tissue. One might 
be tempted to call a targeted liposome a “smart stealth lipo- 
some.” 


Lipid Membrane 


p-(Phospholipid+ Cholesterol)... ana N 


| Doxorubicin Seas 


A STEALTH? liposome 
carrying the drug 
doxorubicin. (O and | 


courtesy of ALZA 
Corporation.) 


23.6B Derivatives of Sphingosine 


Another important group of lipids is derived from sphingosine; the derivatives are called 
sphingolipids. Two sphingolipids, a typical sphingomyelin and a typical cerebroside, are 
shown in Fig. 23.10. 

On hydrolysis, sphingomyelins yield sphingosine, choline, phosphoric acid, and а C24 
fatty acid called lignoceric acid. In a sphingomyelin this last component is bound to the 
—NHe group of sphingosine. The sphingolipids do not yield glycerol when they are 
hydrolyzed. 

The cerebroside shown in Fig. 23.10 is an example of a glycolipid. Glycolipids have a 
polar group that is contributed by a carbohydrate. They do not yield phosphoric acid or 
choline when they are hydrolyzed. 

The sphingolipids, together with proteins and polysaccharides, make up myelin, the pro- 
tective coating that encloses nerve fibers or axons. The axons of nerve cells carry electri- 
cal nerve impulses. Myelin has a function relative to the axon similar to that of the insulation 
on an ordinary electric wire (see the chapter opening vignette). 
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fu. RE PNE ee p ui 
22 22 
OH он 9 Sphingomyelin 
(a sphingolipid) 
МН. ан i): 
| 
L_OH —O—P-—O 
NN |o ~~ N*(CHs)s 
Sphingosine О 
22 
| O 
HO —NH 
О 
HO a A cerebroside 
OH 


A galactosyl group 
Figure 23.10 А sphingosine and two sphingolipids. 


23.7 Waxes 


Most waxes are esters of long-chain fatty acids and long-chain alcohols. Waxes are found 
as protective coatings on the skin, fur, and feathers of animals and on the leaves and fruits 
of plants. Several esters isolated from waxes are the following: 


hort ther очај 


Cetyl palmitate n= 24 or 26; m — 28 or 30 n= 16-28; m = 30 or 32 
(from spermaceti) (from beeswax) (from carnauba wax) 


Summary of Reactions of Lipids 


The reactions of lipids represent many reactions that we have studied in previous chapters, 
especially reactions of carboxylic acids, alkenes, and alcohols. Ester hydrolysis (e.g., saponi- 
fication) liberates fatty acids and glycerol from triacylglycerols. The carboxylic acid group 
of a fatty acid can be reduced, converted to an activated acyl derivative such as an acyl chlo- 
ride, or converted to an ester or amide. Alkene functional groups in unsaturated fatty acids 
can be hydrogenated, hydrated, halogenated, hydrohalogenated, converted to a vicinal diol 
or epoxide, or cleaved by oxidation reactions. Alcohol functional groups in lipids such as 
terpenes, steroids, and prostaglandins can be alkylated, acylated, oxidized, or used in elim- 
ination reactions. All of these are reactions we have studied previously in the context of 
smaller molecules. 


Problems 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


fem 6 Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


GENERAL REACTIONS 
23.12 How would you convert stearic acid, CH3(CH2)46CO?H, into each of the following? 


O O 


(a) Ethyl stearate, Xe (two ways) (g) Octadecanal, Dess 
O O 
(b) tert-Butyl stearate, ds. (h) Octadecyl stearate, X etx 
O 


(c) Stearamide, dw. (i) 1-Octadecanol, CoH (two ways) 


О 


О 
(d) N, N-Dimethylstearamide, Uwe (j) 2-Nonadecanone, LA 
16 


(e) Octadecylamine, YOO Nie (k) 1-Bromooctadecane, SUB: 
(f) Heptadecylamine, YOON (I) Nonadecanoic acid, York 


23.13 How would you transform tetradecanal into each of the following? 


(a) (c) 


Ar), "o Ape 
11 11 


Br CN 
(b) (d) 


1080 


23.14 


23.15 


23.16 


23.17 


23.18 


23.19 


23.20 
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Using palmitoleic acid as an example and neglecting stereochemistry, illustrate each of the following reactions of 
the double bond: 


(a) Addition of bromine (b) Addition of hydrogen (c) Hydroxylation (d) Addition of HCI 


When oleic acid is heated to 180—200°C (in the presence of a small amount of selenium), an equilibrium is estab- 
lished between oleic acid (3396) and an isomeric compound called elaidic acid (6796). Suggest a possible structure 
for elaidic acid. 


When limonene (Section 23.3) is heated strongly, it yields 2 mol of isoprene. What kind of reaction is involved 
here? 


Gadoleic acid (CagHa8O»), a fatty acid that can be isolated from cod-liver oil, can be cleaved by hydroxylation and 
subsequent treatment with periodic acid to CH3(CH2)gCHO and OHC(CH5);CO*H. (a) What two stereoisomeric 
structures are possible for gadoleic acid? (b) What spectroscopic technique would make possible a decision as to 
the actual structure of gadoleic acid? (c) What peaks would you look for? 


a-Phellandrene and 8-phellandrene are isomeric compounds that are minor constituents of spearmint oil; they have 
the molecular formula C49H46. Each compound has a UV absorption maximum in the 230-270-nm range. On cat- 
alytic hydrogenation, each compound yields 1-isopropyl-4-methylcyclohexane. On vigorous oxidation with potas- 
sium permanganate, a-phellandrene yields 


COH 
p and CO5H A similar oxidation of B-phellandrene yields 
OH 


СО»Н as the only isolable product. Propose structures for œ- and 6-phellandrene. 


ROADMAP SYNTHESES 


Vaccenic acid, a constitutional isomer of oleic acid, has been synthesized through the following reaction sequence: 

lig. ICH&(CH3);CH;CI 

1-Octyne + NaNHo ERN A (CgH43Na) ICH(CHa)7CH2C1 
3 


KOH, ЊО 
—————5 


NaCN НО" 
B (C47H31Cl) —— С (CigHa1N) D (CygH3102K) —— 


Н», Pd 
E (CigH320>) ——> vaccenic acid (C18H3402) 
BaSO, 


Propose a structure for vaccenic acid and for the intermediates A-E. 


c-Fluorooleic acid can be isolated from a shrub, Dechapetalum toxicarium, that grows in Africa. The compound 
is highly toxic to warm-blooded animals; it has found use as an arrow poison in tribal warfare, in poisoning enemy 
water supplies, and by witch doctors “for terrorizing the native population.” Powdered fruit of the plant has been 
used as а rat poison; hence w-fluorooleic acid has the common пате “ratsbane.” A synthesis of w-fluorooleic acid 
is outlined here. Give structures for compounds F-I: 


. . (1) NaNH; 
1-Bromo-8-fluorooctane + sodium acetylide —> F (C459H47F) "CH. 
NaCN (1) KOH H 
С (CizHaoFCI) 777? Н (Ci9HaoNF) 75 1 Ge? І (Стана ОР) rS pay” Ра 
О 
Е = 
OH 


w-Fluorooleic acid 
(46% yield, overall) 


Problems 1081 
23.21 Give formulas and names for compounds A and B: 
C,H loon HBr 
5a-Cholest-2-ene ————— А (an epoxide) —— B 


(Hint: B is not the most stable stereoisomer.) 


23.22 The initial steps of a laboratory synthesis of several prostaglandins reported by E. J. Corey (Section 7.16B) and 
co-workers in 1968 are outlined here. Supply each of the missing reagents: 


m qu ur E ој а 
на и овн, НА, 5 5 5 S 


`$ N C UP an И" СЯ 
S^ ^S (a) S^ “9 
о B од - 


(e) The initial step in another prostaglandin synthesis is shown in the following reaction. What kind of reaction— 
and catalyst—is needed here? 


NO» 
NO2 CN eu 
| І JU 
сњо OCH3 
CH3O OCH3 О Э 


23.23  Auseful synthesis of sesquiterpene ketones, called cyperones, was accomplished through a modification of the fol- 
lowing Robinson annulation procedure (Section 19.7B). 


O 
NaNH, 
T NIB TIE ridine-Et,O 
6 NRI P 2 о 
OH | 


Dihydrocarvone 


(a) 


|^ heat 


A cyperone 


Write a mechanism that accounts for each step of this synthesis. 
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Challenge Problems 


23.24 A Hawaiian fish called the pahu or boxfish (Ostracian lentiginosus) secretes a toxin that kills other fish in its vicin- 
ity. The active agent in the secretion was named pahutoxin by P. J. Scheuer, and it was found by D. B. Boylan and 
Scheuer to contain an unusual combination of lipid moieties. To prove its structure, they synthesized it by this route: 


pyridinium A BrCH;CO;Et, Zn OH O (1) НО“ 
Yon chlorochromate (2) H30* 
OEt 
12 
B 
AGO SOCI» E choline chloride pahutoxin 
pyridine pyridine 
Compound Selected Infrared Absorption Bands (cm™1) 
A 1725 
B 3300 (broad), 1735 
C 3300-2500 (broad), 1710 
D 3000-2500 (broad), 1735, 1710 
E 1800, 1735 
Pahutoxin 1735 


What are the structures of A, C, D, and E and of pahutoxin? 


23.25 The reaction illustrated by the equation below is a very general one that can be catalyzed by acid, base, and some 
enzymes. It therefore needs to be taken into consideration when planning syntheses that involve esters of polyhy- 
droxy substances like glycerol and sugars: 


но ~ ^он 
trace HCIO, in CHCl, F 


O LO 


10 min., room temp. 
90% yield 
(CH,),4CH, 


Spectral data for F: 
MS (m/z): (after trimethylsilylation): 546, 531 
IR (cm !, in CCl, solution): 3200 (broad), 1710 
Ін NMR (ô) (after exchange with 020): 4.2 (d), 3.9 (m), 3.7 (d), 2.2 (t), and others in the range 1.7 to 1 
ВС NMR (ô): 172 (С), 74 (CH), 70 (CH2), 67 (CH2), 39 (СН,), and others in the range 32 to 14 
(a) What is the structure of product F? 


(b) The reaction is intramolecular. Write a mechanism by which it probably occurs. 


Learning Group Problems 


1. Olestra is a fat substitute patented by Procter and Gamble that mimics the taste and texture of triacylglycerols (see 
“The Chemistry of . . . Olestra and Other Fat Substitutes” in Section 23.2B). It is calorie-free because it is neither 
hydrolyzed by digestive enzymes nor absorbed by the intestines but instead is passed directly through the body 
unchanged. The FDA has approved olestra for use in a variety of foods, including potato chips and other snack 
foods that typically have a high fat content. It can be used in both the dough and the frying process. 
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Learning Group Problems 


(a) Olestra consists of a mixture of sucrose fatty acid esters (unlike triacylglycerols, which are glycerol esters of 
fatty acids). Each sucrose molecule in olestra is esterified with six to eight fatty acids. (One undesirable aspect 
of olestra is that it sequesters fat-soluble vitamins needed by the body, due to its high lipophilic character.) Draw 
the structure of a specific olestra molecule comprising six different naturally occurring fatty acids esterified to 
any of the available positions on sucrose. Use three saturated fatty acids and three unsaturated fatty acids. 


(b) Write reaction conditions that could be used to saponify the esters of the olestra molecule you drew and give 
IUPAC and common names for each of the fatty acids that would be liberated on saponification. 


(c) Olestra is made by sequential transesterification processes. The first transesterification involves reaction of 
methanol under basic conditions with natural triacylglycerols from cottonseed or soybean oil (chain lengths of 
Cg-C»»). The second transesterification involves reaction of these fatty acid methyl esters with sucrose to form 
olestra. Write one example reaction, including its mechanism, for each of these transesterification processes 
used in the synthesis of olestra. Start with any triacylglycerol having fatty acids like those incorporated into 
olestra. 


The biosynthesis of fatty acids is accomplished two carbons at a time by an enzyme complex called fatty acid syn- 
thetase. The biochemical reactions involved in fatty acid synthesis are described in Special Topic E (WileyPLUS). 
Each of these biochemical reactions has a counterpart in synthetic reactions you have studied. Consider the bio- 
chemical reactions involved in adding each — CH2CH»— segment during fatty acid biosynthesis (those in Special 
Topic E that begin with acetyl-S-ACP and malonyl-S-ACP, and end with butyryl-S-ACP). Write laboratory syn- 
thetic reactions using reagents and conditions you have studied (not biosynthetic reactions) that would accomplish 
the same sequence of transformations (i.e., the condensation-decarboxylation, ketone reduction, dehydration, and 
alkene reduction steps). 


A certain natural terpene produced peaks in its mass spectrum at m/z 204, 111, and 93 (among others). On the basis 
of this and the following information, elucidate the structure of this terpene. Justify each of your conclusions. 


(a) Reaction of the unknown terpene with hydrogen in the presence of platinum under pressure results in a com- 
pound with molecular formula C45Hao. 


(b) Reaction of the terpene with ozone followed by dimethyl sulfide produces the following mixture of compounds 
(1 mol of each for each mole of the unknown terpene): 


wA Д 9 


H (о) H 


ENS 


(c) After writing the structure of the unknown terpene, circle each of the isoprene units in this compound. To what 
class of terpenes does this compound belong (based on the number of carbons it contains)? 


Draw the structure of a phospholipid (from any of the subclasses of phospholipids) that contains one saturated and 
one unsaturated fatty acid. 


(a) Draw the structure of all of the products that would be formed from your phospholipid if it were subjected to 
complete hydrolysis (choose either acidic or basic conditions). 


(b) Draw the structure of the product(s) that would be formed from reaction of the unsaturated fatty acid moiety 
of your phospholipid (assuming it had been released by hydrolysis from the phospholipid first) under each of 
the following conditions: 


(i) Bro in CCl4 

(ii) OsO,, followed by NaHSO3 

(iii) HBr 

(iv) Hot alkaline KMnO,, followed by Hz0* 
(v) ОСІ», followed by excess CHaNH»2 


A synthetic Diels-Alderase catalytic 
antibody with a bound hapten. 


Chemists are capitalizing on the natural adaptability of the immune system to create what we can fittingly call 
designer catalysts. These catalysts are antibodies—protein species usually produced by the immune system to 
capture and remove foreign agents but which, in this case, are elicited in a way that makes them able to cat- 
alyze chemical reactions. 

The creation of the first catalytic antibodies by Richard A. Lerner and Peter G. Schultz (both of Scripps 
Research Institute) represented an ingenious union of principles relating to enzyme chemistry and the innate 
capabilities of the immune system. In some respects catalytic antibodies are like enzymes, the protein catalysts 
we have mentioned many times already and shall study further in this chapter. Unlike enzymes, however, cat- 
alytic antibodies can virtually be "made to order" for specific reactions by a marriage of chemistry and immunol- 
ogy. Examples include catalytic antibodies for Claisen rearrangements, Diels-Alder reactions (such as that shown 
in the molecular graphic above), ester hydrolyses, and aldol reactions. We shall consider how catalytic antibodies 
are produced in "The Chemistry of . .. Some Catalytic Antibodies" later in this chapter. Designer catalysts are 
indeed at hand. 
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24.1 Introduction 


The three groups of biological polymers are polysaccharides, proteins, and nucleic acids. 
We studied polysaccharides in Chapter 22 and saw that they function primarily as energy 
reserves, as biochemical labels on cell surfaces, and, in plants, as structural materials. When 
we study nucleic acids in Chapter 25, we shall find that they serve two major purposes: 
storage and transmission of information. Of the three groups of biopolymers, proteins have 
the most diverse functions. As enzymes and hormones, proteins catalyze and regulate the 
reactions that occur in the body; as muscles and tendons they provide the body with the 
means for movement; as skin and hair they give it an outer covering; as hemoglobin mol- 
ecules they transfer all-important oxygen to its most remote corners; as antibodies they pro- 
vide it with a means of protection against disease; and in combination with other substances 
in bone they provide it with structural support. 

Given such diversity of functions, we should not be surprised to find that proteins come 
in all sizes and shapes. By the standard of most of the molecules we have studied, even 
small proteins have very high molecular weights. Lysozyme, an enzyme, is a relatively small 
protein and yet its molecular weight is 14,600. The molecular weights of most proteins are 
much larger. Their shapes cover a range from the globular proteins such as lysozyme and 
hemoglobin to the helical coils of a-keratin (hair, nails, and wool) and the pleated sheets 
of silk fibroin. 

And yet, in spite of such diversity of size, shape, and function, all proteins have com- 
mon features that allow us to deduce their structures and understand their properties. Later 
in this chapter we shall see how this is done. 


@ Proteins are polyamides, and their monomeric units are composed of about 20 dif- 


ferent a-amino acids: 
a NH, 
HO 


R 


An a-amino acid 
R is a side chain at the o carbon that determines the 
identity of the amino acid (Table 24.1). 


О R, © R, © 
R, (0) R3 О R; 
A portion of a protein molecule 


Amide (peptide) linkages are shaded. 
R, to R, may be any of the possible side chains. 


@ The exact sequence of the different a-amino acids along the protein chain is called 
the primary structure of the protein. 


A protein's primary structure, as its name suggests, is of fundamental importance. For 
the protein to carry out its particular function, the primary structure must be correct. We 
shall see later that when the primary structure is correct, the protein's polyamide chain folds 
in particular ways to give it the shape it needs for its particular task. 


@ Folding of the polyamide chain gives rise to higher levels of complexity called the 
secondary and tertiary structures of the protein. 


6 Quaternary structure results when a protein contains an aggregate of more than 
one polyamide chain. 


€ Hydrolysis of proteins with acid or base yields a mixture of amino acids. 
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Although hydrolysis of naturally occurring proteins may yield as many as 22 different 
amino acids, the amino acids have an important structural feature in common: With the 
exception of glycine (whose molecules are achiral), almost all naturally occurring amino 
acids have the L configuration at the œ carbon.* That is, they have the same relative con- 
figuration as L-glyceraldehyde: 


O O 
R 
OH HO H 
NH2 OH 
An L-a-amino acid L-Glyceraldehyde 
[usually an (S)-a-amino acid] [(S)-glyceraldehyde] 
CO,H CHO 
HN H HO H 
R CH,OH 


Fischer projections for an L-a-amino acid and L-glyceraldehyde 


24.2 Amino Acids 


24.2A Structures and Names 


@ The 22 a-amino acids that can be obtained from proteins can be subdivided into 
three different groups on the basis of the structures of their side chains, R. These 
are given in Table 24.1. 


CCTD 2114) L-Amino Acids Found in Proteins 


рКа, рКа, рКа; 
Structure Name Abbreviations? | a-CO2H a-NH3* R group p! 


Neutral Amino Acids 


O 
H м Д i 
2 OH Glycine G or Gly 2.3 9.6 6.0 


о 
OH Alanine A or Ala 2.3 9.7 6.0 
NH2 
О 
OH Valine? V or Val 2.3 9.6 6.0 
NH2 
О 
OH Leucine? L or Leu 2.4 9.6 6.0 
NH2 


*Some D-amino acids have been obtained from the material comprising the cell walls of bacteria and by 
hydrolysis of certain antibiotics. 


24.2 Amino Acids 
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ТУ) CONTINUED 
рКа, рКа, рКа; 
Structure Name Abbreviations? — a-CO2H a-NH3* R group p! 
= О 
sA он Isoleucine? | ог lle 24 9.7 6.1 
МН» 
О 
OH Phenylalanine? F or Phe 1.8 9:1 5.5 
NH2 
O 
OH Tyrosine Y or Tyr 2.2 9.1 10.1 5.7 
NH 
HO | 
О 
| | он Tryptophan? W or Trp 2.4 9.4 5.9 
N МН» 
H 
О 
^p он Serine S or Ser 22 9.2 5.7 
NH> 
O 
xr els Threonine? T or Thr 2.6 10.4 6.5 
МН» 
О 
OH Proline P or Pro 2.0 10.6 6.3 
NH 
О 
OH 4-Hydroxyproline O or Hyp 1.9 9.7 6.3 
i cis and trans 
НО! NH ( ) 
O 
T Cysteine C or Cys 17 10.8 83 5.0 


2 
I 
m 


(continues on next page) 
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ИУ 13 CONTINUED 


рКа, рКа, рКа; 
Structure Name Abbreviations? | a-CO2H a-NH3* R group p! 
NH2 O 
HO S. 1.6 7.9 
Cysti Cys-C ' ' 5.1 
vo spo ystine ys-Cys P Р 
O NH2 
О 
MeS 
OH Methionine? M or Met 2.3 9.2 5.8 
NH2 
O 
HN 
OH Asparagine N or Asn 2.0 8.8 5.4 
O NH2 
O O 
HoN у он Glutamine Q or Gln 2.2 9.1 5.7 
NH2 


O 
HO 
OH Aspartic acid D or Asp 2.1 9.8 3.9 3.0 
O 


NH3 
О о 
ioc n pos Glutamic acid E or Glu 22 9.7 4.3 a2 
МН, 


HN " 
OH Lysine K or Lys 2.2 9.0 10.5 9.8 


HN N OH Arginine R or Arg 2.2 9.0 12:5* 10.8 


( OH Histidine H or His 1.8 9.2 6.0* 7.6 
NH2 


?Single-letter abbreviations are now the most commonly used form in current biochemical literature. 
ÞAn essential amino acid. 
“pK, is of protonated amine of R group. 
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Only 20 of the 22 a-amino acids in Table 24.1 are actually used by cells when they syn- 
thesize proteins. Two amino acids are synthesized after the polyamide chain is intact. 
Hydroxyproline (present mainly in collagen) is synthesized by oxidation of proline, and 
cystine (present in most proteins) is synthesized from cysteine. 

The conversion of cysteine to cystine requires additional comment. The —SH group of 
cysteine makes cysteine a thiol. One property of thiols is that they can be converted to disul- 
fides by mild oxidizing agents. This conversion, moreover, can be reversed by mild reduc- 


ing agents: 
[0] 
2 R—S—H car R—S—S—R 
Thiol Disulfide 
Disulfide linkage 
О О a О 
[0] pu 
2 HS OH NT HO E 5—8 OH 

NH» NH» NH» 

Cysteine Cystine 


We shall see later how the disulfide linkage between cysteine units in a protein chain con- 
tributes to the overall structure and shape of the protein. 


24.2B Essential Amino Acids 


Amino acids can be synthesized by all living organisms, plants and animals. Many higher 
animals, however, are deficient in their ability to synthesize all of the amino acids they need 
for their proteins. Thus, these higher animals require certain amino acids as a part of their 
diet. For adult humans there are eight essential amino acids; these are identified in Table 
24.] by a footnote. 


24.2C Amino Acids as Dipolar lons 
9 Amino acids contain both a basic group (— NH») and an acidic group (— СОН). 


© In the dry solid state, amino acids exist as dipolar ions, a form in which the car- 
boxyl group is present as a carboxylate ion, — СО» , and the amino group is pre- 
sent as an aminium ion, — МНа“ (Dipolar ions are also called zwitterions.) 


@ In aqueous solution, an equilibrium exists between the dipolar ion and the anionic 
and cationic forms of an amino acid. 


O 
R он“ R он“ 
OH === O === eg 
НО“ H4O* 

*NH3 *NHs NH2 
Cationic form Dipolar ion Anionic form 
(predominant in (predominant in 
strongly acidic strongly basic 
solutions, e.g., solutions, e.g., 
at pH 0) at pH 14) 


The predominant form of the amino acid present in a solution depends on the pH of 
the solution and on the nature of the amino acid. In strongly acidic solutions all amino 
acids are present primarily as cations; in strongly basic solutions they are present as 
anions. 


@ The isoelectric point (pZ) is the pH at which the concentration of the dipolar ion is 
at its maximum and the concentrations of the anions and cations are equal. 
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Each amino acid has a particular isoelectric point. These are given in Table 24.1. Proteins 
have isoelectric points as well. As we shall see later (Sections 24.13 and 24.14), this prop- 
erty of proteins is important for their separation and identification. 

Let us consider first an amino acid with a side chain that contains neither acidic nor basic 
groups—an amino acid, for example, such as alanine. 

If alanine is dissolved in a strongly acidic solution (e.g., pH 0), it is present in mainly 
a net cationic form. In this state the amino group is protonated (bears a formal +1 charge) 
and the carboxylic acid group is neutral (has no formal charge). As is typical of a-amino 
acids, the pK, for the carboxylic acid hydrogen of alanine is considerably lower (2.3) than 
the pK, of an ordinary carboxylic acid (e.g., propanoic acid, pK, 4.89): 


О 
O 
OH € n 
" OH 
NH3 
Cationic form of alanine Propanoic acid 
PK, = 2.3 pK, = 4.89 


The reason for this enhanced acidity of the carboxyl group in an a-amino acid is the 
inductive effect of the neighboring aminium cation, which helps to stabilize the carboxy- 
late anion formed when it loses a proton. Loss of a proton from the carboxyl group in a 
cationic a-amino acid leaves the molecule electrically neutral (in the form of a dipolar ion). 
This equilibrium is shown in the red-shaded portion of the equation below. 

The protonated amino group of an a-amino acid is also acidic, but less so than the car- 
boxylic acid group. The pK, of the aminium group in alanine is 9.7. The equilibrium for 
loss of an aminium proton is shown in the blue-shaded portion of the equation below. The 
carboxylic acid proton is always lost before a proton from the aminium group in an a-amino 


acid. 
О O O 
Y^ == Ag Y^ 
Ol e— O EE Ox 
H,O* но" 


*NHs *NH3 NH2 
Cationic form Dipolar ion Anionic form 
(pK, = 2.3) (pK, = 9.7) 


The state of ап a-amino acid at any given pH is governed by a combination of two equi- 
libria, as shown in the above equation for alanine. The isoelectric point (p/) of an amino 
acid such as alanine is the average of pK, and pK; : 


p/ = 3(2.3 + 9.7) = 6.0 (isoelectric point of alanine) 


When a base is added to a solution of the net cationic form of alanine (initially at pH 0, 
for example), the first proton removed is the carboxylic acid proton, as we have said. In 
the case of alanine, when a pH of 2.3 is reached, the carboxylic acid proton will have been 
removed from half of the molecules. This pH represents the pK, of the alanine carboxylic 
acid proton, as can be demonstrated using the Henderson-Hasselbalch equation. 


@ The Henderson-Hasselbalch equation shows that for an acid (HA) and its conju- 
gate base (A ) when [HA] = [A |], then pH = pK}. 


| [HA] | Henderson-Hasselbalch 
og [A7] equation 


pKa = pH 4 


Therefore, when the acid is half neutralized, 


[HA] 


[HA] = [A7], log [A] 


= 0, and thus pH = pK, 


LJ 
рКа, = 2.3 


0 0.5 1.0 1.5 2.0 
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Equivalents of ОН“ Figure 24.1 A titration curve for alanine. 


As more base is added to this solution, alanine reaches its isoelectric point (p/), the pH 
at which all of alanine's carboxylic acid protons have been removed but not its aminium 
protons. The molecules are therefore electrically neutral (in their dipolar ion or zwitterionic 
form) because the carboxylate group carries a —1 charge and the aminium group a +1 
charge. The p/ for alanine is 6.0. 

Now, as we continue to add the base, protons from the aminium ions will begin to be 
removed, until at pH 9.7 half of the aminium groups will have lost a proton. This pH rep- 
resents the pK, of the aminium group. Finally, as more base is added, the remaining aminium 
protons will be lost until all of the alanine molecules have lost their aminium protons. At 
this point (e.g., pH 14) the molecules carry a net anionic charge from their carboxylate 
group. The amino groups are now electrically neutral. 

Figure 24.1 shows a titration curve for these equilibria. The graph represents the change 
in pH as a function of the number of molar equivalents of base. Because alanine has two 
protons to lose in its net cationic form, when one molar equivalent of base has been added, 
the molecules will have each lost one proton and they will be electrically neutral (the dipo- 
lar ion or zwitterionic form). 

If an amino acid contains a side chain that has an acidic or basic group, the equilibria become 
more complex. Consider lysine, for example, an amino acid that has an additional — NH» group 
on its = carbon. In strongly acidic solution, lysine is present as a dication because both amino 
groups are protonated. The first proton to be lost as the pH is raised is a proton of the carboxyl 
group (pK, = 2.2), the next is from the a-aminium group (pK, = 9.0), and the last is from 
ће e-aminium group (pK, = 10.5): 


О О 
Нам“ og. oe, BE es 
uis H4jO* H4O* 
3 


NH3* 
Dicationic form of Monocationic 
lysine form 
(pK, = 2.2) (pK, = 9.0) 


O O 
Нам“ oF а 
о" === Oo 
H,O* 
МН, 


NH2 


Dipolar ion Anionic form 


(PK,, = 10.5) 
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Review Problem 24.2 


Chapter 24 Amino Acids and Proteins 


The isoelectric point of lysine is the average of pK; the monocation) and pK, (the dipo- 
lar ion). 


р/ = 3(9.0 +10.5) = 9.8 (isoelectric point of lysine) 


What form of glutamic acid would you expect to predominate in (a) strongly acidic solu- 
tion, (b) strongly basic solution, and (c) at its isoelectric point (р/ 3.2)? (d) The isoelectric 
point of glutamine (р/ 5.7) is considerably higher than that of glutamic acid. Explain. 


| 


The guanidino group —NH—C—NH, of arginine is one of the most strongly basic of all 
organic groups. Explain. 


24.3 Synthesis of a-Amino Acids 


A variety of methods have been developed for the synthesis of a-amino acids. Here we 
describe two methods that are based on reactions we have studied before. In "The 
Chemistry of . .. Asymmetric Syntheses of Amino Acids" (WileyPLUS) we show meth- 
ods to prepare a-amino acids in optically active form. Asymmetric synthesis is an impor- 
tant goal in a-amino acid synthesis due to the biological activity of the natural 
enantiomeric forms of a-amino acids, and due to the commercial relevance of products 
made by these routes. 


24.3A From Potassium Phthalimide 


This method, a modification of the Gabriel synthesis of amines (Section 20.4A), uses potas- 
sium phthalimide and diethyl a-bromomalonate to prepare an imido malonic ester. The 
example shown is a synthesis of methionine: 


O fe) O 
pnus NaOEt 
Е а 
Мк" + ЕЮ OBL os | oN Sm, 
Br COzEt (96-98%) 
O O 
Diethyl a-bromomalonate Phthalimidomalonic 
ester 
О COs 
СОЕ 
М М SCH 
| SCH NaOH $ E 3 e 
СОЕ! cos 
ion d 
Нам“ SCH3 + CO, + CY 


Review Problem 24.3 


pL-Methionine CO;H 


Starting with diethyl a-bromomalonate and potassium phthalimide and using any other nec- 
essary reagents, show how you might synthesize (a) DL-leucine, (b) DL-alanine, and (c) DL- 
phenylalanine. 


24.3 Synthesis of o-Amino Acids 


24.3B The Strecker Synthesis 


Treating an aldehyde with ammonia and hydrogen cyanide produces an a-aminonitrile. 
Hydrolysis of the nitrile group (Section 17.3) of the a-aminonitrile converts the latter to an 
a-amino acid. This synthesis is called the Strecker synthesis: 


О CN co,- 


A H40*, heat 
— 


R^ 7H + NH, + HCN — R^ “Мну — > R^ "NH; 


a-Amino- a-Amino 
nitrile acid 


The first step of this synthesis probably involves the initial formation of an imine from the 
aldehyde and ammonia followed by the addition of hydrogen cyanide. 


A MECHANISM FOR THE REACTION 


1093 


Formation of an a-Aminonitrile during the Strecker Synthesis 


Jy 


NH- 
a-Aminonitrile 


TOS (од OH CN CN 
LE CN 
THO CN 
ra + :NH, == e == Т — =r SNH === 
Intermolecular proton Imine 
transfer 


Outline a Strecker synthesis of DL-tyrosine. 


ANSWER 


Solved Problem 24.1 


HO HO HO Е 
Ши —— 
heat 
H NH NHs* 


2 


(a) Outline a Strecker synthesis of DL-phenylalanine. (b) DL-Methionine can also be syn- 
thesized by a Strecker synthesis. The required starting aldehyde can be prepared from 
acrolein (CH2—CHCHO) and methanethiol (CH3SH). Outline all steps in this synthesis 
of DL-methionine. 


24.3C Resolution of DL-Amino Acids 


With the exception of glycine, which has no chirality center, the amino acids that are pro- 
duced by the methods we have outlined are all produced as racemic forms. To obtain the 
naturally occurring L-amino acid, we must, of course, resolve the racemic form. This can 
be done in a variety of ways, including the methods outlined in Section 20.3F. 

One especially interesting method for resolving amino acids is based on the use of 
enzymes called deacylases. These enzymes catalyze the hydrolysis of N-acylamino acids 
in living organisms. Since the active site of the enzyme is chiral, it hydrolyzes only 


DL-Tyrosine 


Review Problem 24.4 
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N-acylamino acids of the L configuration. When it is exposed to a racemic mixture of N- 
acylamino acids, only the derivative of the L-amino acid is affected and the products, as 
a result, are separated easily: 


R COH o 


R CO (CH,CO),O bd deacylase enzyme 
ү === NH UN o o 

OH 

*NH3 


(racemic form) о Вы HUM 
PER al 
rs 
NH3 Ó 
L-Amino acid D-N-Acylamino acid 


Easily separated 


24.4 Polypeptides and Proteins 


Amino acids are polymerized in living systems by enzymes that form amide linkages from 
the amino group of one amino acid to the carboxyl group of another. 


9 A molecule formed by joining amino acids together is called a peptide, and the 
amide linkages in them are called peptide bonds or peptide linkages. Each amino 
acid in the peptide is called an amino acid residue. 


Peptides that contain 2, 3, a few (3—10), or many amino acids are called dipeptides, tripep- 
tides, oligopeptides, and polypeptides, respectively. Proteins are polypeptides consisting 
of one or more polypeptide chains. 


о о о В’ 
+ + = Ф = 
HN Ag. т HN о. 1-н,0) Н,М ^ a 
R R' R H о 
A dipeptide 


Polypeptides are linear polymers. One end of a polypeptide chain terminates in an amino 
acid residue that has a free —NHs3* group; the other terminates in an amino acid residue 
with a free СО; group. These two groups are called the N-terminal and the C-ter- 
minal residues, respectively: 


H,N* 
i | 
R H 


—— —— 
N-Terminal residue C-Terminal residue 


ө By convention, we write peptide and protein structures with the N-terminal amino 
acid residue on the left and the C-terminal residue on the right: 


о о 
HN A од H,N* eed 
М fe] H о 


Glycyl valine Valyl glycine 
(GV) (VG) 


24.4 Polypeptides and Proteins 


The tripeptide glycylvalylphenylalanine has the following structural formula: 


(0) H (0) 


Glycylvalylphenylalanine 


It becomes a significant task to write a full structural formula for a polypeptide chain 
that contains any more than a few amino acid residues. In this situation, use of the one-let- 
ter abbreviations (Table 24.1) is the norm for showing the sequence of amino acids. Very 
short peptide sequences are sometimes still represented with the three-letter abbreviations 
(Table 24.1). 


24.4A Hydrolysis 


When a protein or polypeptide is refluxed with 6M hydrochloric acid for 24 h, hydrolysis 
of all the amide linkages usually takes place, liberating its constitutent amino acids as a 
mixture. Chromatographic separation and quantitative analysis of the resulting mixture can 
then be used to determine which amino acids composed the intact polypeptide and their 
relative amounts. 

One chromatographic method for separation of a mixture of amino acids is based on the 
use of cation-exchange resins (Fig. 24.2), which are insoluble polymers containing sulfonate 
groups. If an acidic solution containing a mixture of amino acids is passed through a col- 
umn packed with a cation-exchange resin, the amino acids will be adsorbed by the resin 
because of attractive forces between the negatively charged sulfonate groups and the pos- 
itively charged amino acids. The strength of the adsorption varies with the basicity of the 
individual amino acids; those that are most basic are held most strongly. If the column is 
then washed with a buffered solution at a given pH, the individual amino acids move down 
the column at different rates and ultimately become separated. In an automated version of 
this analysis developed at Rockefeller University in 1950, the eluate is allowed to mix with 
ninhydrin, a reagent that reacts with most amino acids to give a derivative with an intense 
purple color (Ajax 570 nm). The amino acid analyzer is designed so that it can measure the 
absorbance of the eluate (at 570 nm) continuously and record this absorbance as a func- 
tion of the volume of the effluent. 

A typical graph obtained from an automatic amino acid analyzer is shown in Fig. 24.3. 
When the procedure is standardized, the positions of the peaks are characteristic of the indi- 
vidual amino acids, and the areas under the peaks correspond to their relative amounts. 


H,N\_ .CO,H 
nz "Y 
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+ 
H;N\ „Сон 
SO,- 
R' 
+ 
C) SO, icd Ка 
В” 
+ 
(У so, MNA, COH 
Figure 24.2 A section of a cation-exchange 


R" resin with adsorbed amino acids. 
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oo 
10 Cysteic__ Methionine sulfone Threonine 
acid Glycine—Alanine 
Glutamic 
g 0.5 acid 
= 0.4 а 
8 03 Aspartic Serine 
Е асіа | Cystine 
2 0.2 Proline 
0.1 
Effluent, mL 140 160 180 200 220 240 260 280 300 320 
| 
| = 
Ф 
9 || 
E | | 
3 ||| 
2 
< 


330 350 Iu 2. 410 430 450 470 490 50 70 90 110 130 
imn, pH 5.2: 
citrate 


Figure 24.3 Typical result given by an automatic amino acid analyzer. (Adapted with permission 
from Spackman, D. H., Stein, W. H., and Moore, S., Analytical Chemistry, 30(7), pp. 1190-1206, 
Figure 2, 1958. Copyright 1958 American Chemical Society.) 


Ninhydrin is the hydrate of indane-1,2,3-trione. With the exception of proline and 
hydroxyproline, all of the a-amino acids found in proteins react with ninhydrin to give the 
same intensely colored purple anion (Ajax 570 nm). We shall not go into the mechanism 
here, but notice that the only portion of the anion that is derived from the a-amino acid is 
the nitrogen: 


О О 
*H;O OH 
Q gu —À 
ELS OH 
О O 
Indane-1,2,3-trione Ninhydrin 
О О -0 О 
В. сол pu 
O+ 2 "CHO" N € +R Н + со, 
NH; 
O O O 
Purple anion 


Proline and hydroxyproline do not react with ninhydrin in the same way because their 
a-amino groups are secondary amines and part of a five-membered ring. 

Analysis of amino acid mixtures can also be done very easily using high-performance 
liquid chromatography (HPLC), and this is now the most common method. A cation- 
exchange resin is used for the column packing in some HPLC analyses (see Section 24.14), 
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while other analyses require hydrophobic (reversed-phase) column materials. Identification 
of amino acids separated by HPLC can be done by comparison with retention times of stan- 
dard samples. Instruments that combine HPLC with mass spectrometry make direct iden- 
tification possible (see Section 24.5E). 


24.5 Primary Structure of Polypeptides and Proteins 


The sequence of amino acid residues in a polypeptide or protein is called its primary struc- 
ture. A simple peptide composed of three amino acids (a tripeptide) can have 6 different amino 
acid sequences; a tetrapeptide can have as many as 24 different sequences. For a protein com- 
posed of 20 different amino acids in a single chain of 100 residues, there are 2100 = 1.27 x 
in possible peptide sequences, a number much greater than the number of atoms estimated 
to be in the universe (9 X 1075)! Clearly, one of the most important things to determine about 
a protein is the sequence of its amino acids. Fortunately, there are a variety of methods avail- 
able to determine the sequence of amino acids in a polypeptide. We shall begin with terminal 
residue analysis techniques used to identify the N- and C-terminal amino acids. 


24.5A Edman Degradation 


The most widely used procedure for identifying the N-terminal amino acid in a peptide is 
the Edman degradation method (developed by Pehr Edman of the University of Lund, 
Sweden). Used repetitively, the Edman degradation method can be used to sequence pep- 
tides up to about 60 residues in length. The process works so well that machines called 
amino acid sequencers have been developed to carry out the Edman degradation process 
in automated cycles. 

The chemistry of the Edman degradation is based on a labeling reaction between the 
N-terminal amino group and phenyl isothiocyanate, CgH; —N=C =S. Phenyl isothio- 
cyanate reacts with the N-terminal amino group to form a phenylthiocarbamyl deriva- 
tive, which is then cleaved from the peptide chain by acid. The result is an unstable 
anilinothioazolinone (ATZ), which rearranges to a stable phenylthiohydantoin (PTH) 
derivative of the amino acid. In the automated process, the PTH derivative is introduced 
directly to a high-performance liquid chromatograph and identified by comparison of its 
retention time with known amino acid PTH derivatives (Fig. 24.4). The cycle is then 
repeated for the next N-terminal amino acid. Automated peptide sequence analyzers can 


D PTH Standards 
N 
10 picomoles each 


Y 


dptu 


5.0 10.0 15.0 
Retention time (minutes) 
Figure 24.4 PTH amino acid standards run on a Procise instrument; see Table 24.1 for amino acid 


abbreviations. Peaks marked dmptu (dimethylphenylthiourea) and dptu (diphenylthiourea) 
represent side-reaction products of the Edman degradation. (Courtesy of Applied Biosystems.) 
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This method was 
introduced by Frederick 
Sanger of Cambridge 


University in 1945. Sanger made 
extensive use of this procedure in 
his determination of the amino 
acid sequence of insulin and won 
the Nobel Prize in Chemistry for 
the work in 1958. 
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perform a single iteration of the Edman degradation in approximately 30 min using only 
picomole amounts of the polypeptide sample. 


о R 
ЕЕЕ + оон 
| 
R H о 
Parm 
N N etc. ^, 
Y N 
S R H O 


Labeled polypeptide 


i S 

5 5 t a 
rearrangemen 

T x E ли № NH 

*N PX 

н“ 

А О 


R 
Unstable intermediate Phenylthiohydantoin (PTH) 
А is identified by HPLC 
(0) 
TE 
НАМ 
R' 


Polypeptide with one less 
amino acid residue 


24.5B Sanger N-Terminal Analysis 


Another method for sequence analysis is the Sanger N-terminal analysis, based on the 
use of 2,4-dinitrofluorobenzene (DNFB). When a polypeptide is treated with DNFB in 
mildly basic solution, a nucleophilic aromatic substitution reaction (SyAr, Section 21.11A) 
takes place involving the free amino group of the N-terminal residue. Subsequent hydrol- 
ysis of the polypeptide gives a mixture of amino acids in which the N-terminal amino acid 


NO, | о i й R 
F " HN R etc. HCO; N N etc. 
| (НР) | 
ом R H о о Ио c» 


O;N 


2,4-Dinitrofluorobenzene Polypeptide Labeled polypeptide 


(DNFB) 


uo 
NO, H O 
| о 
N " 
OH + HN 
B 
R 
ом R' 


Labeled N-terminal Mixture of 
amino acid amino acids 


Separate and identify 
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is labeled with a 2,4-dinitrophenyl group. After separating this amino acid from the mix- 
ture, it can be identified by comparison with known standards. 

2,4-Dinitrofluorobenzene will react with any free amino group in a polypeptide, including 
the e-amino group of lysine, and this fact complicates Sanger analyses. Only the N-terminal 
amino acid residue of a peptide will bear the 2,4-dinitrophenyl group at its a-amino group, 
however. Nevertheless, the Edman method of N-terminal analysis is much more widely used. 


The electron-withdrawing property of the 2,4-dinitrophenyl group makes separation of the 
labeled amino acid very easy. Suggest how this is done. 


24.5C C-Terminal Analysis 


C-Terminal residues can be identified through the use of digestive enzymes called car- 
boxypeptidases. These enzymes specifically catalyze the hydrolysis of the amide bond of 
the amino acid residue containing a free —COoH group, liberating it as a free amino acid. 
A carboxypeptidase, however, will continue to attack the polypeptide chain that remains, 
successively lopping off C-terminal residues. As a consequence, it is necessary to follow 
the amino acids released as a function of time. The procedure can be applied to only a lim- 
ited amino acid sequence for, at best, after a time the situation becomes too confused to 
sort out. 


(a) Write a reaction showing how 2,4-dinitrofluorobenzene could be used to identify the 
N-terminal amino acid of VAG. (b) What products would you expect (after hydrolysis) when 
VKG is treated with 2,4-dinitrofluorobenzene? 


Write the reactions involved in a sequential Edman degradation of MIR. 


24.5D Complete Sequence Analysis 


Sequential analysis using the Edman degradation or other methods becomes impractical 
with large proteins and polypeptides. Fortunately, there are techniques to cleave peptides 
into fragments that are of manageable size. Partial hydrolysis with dilute acid, for exam- 
ple. generates a family of peptides cleaved in random locations and with varying lengths. 
Sequencing these cleavage peptides and looking for points of overlap allows the sequence 
of the entire peptide to be pieced together. 

Consider a simple example: We are given a pentapeptide known to contain valine (two 
residues), leucine (one residue), histidine (one residue), and phenylalanine (one residue), 
as determined by hydrolysis and automatic amino acid analysis. With this information we 
can write the molecular formula" of the protein in the following way, using commas to 
indicate that the sequence is unknown: 


УЉЕ 


Then, let us assume that by using DNFB and carboxypeptidase we discover that valine 
and leucine are the N- and C-terminal residues, respectively. So far we know the following: 


V (V, H, F) L 


But the sequence of the three nonterminal amino acids is still unknown. 

We then subject the pentapeptide to partial acid hydrolysis and obtain the following 
dipeptides. (We also get individual amino acids and larger pieces, i.e., tripeptides and 
tetrapeptides.) 


VH + HV + VF + FL 
The points of overlap of the dipeptides (i.e., H, V, and F) tell us that the original pen- 
tapeptide must have been the following: 
VHVFL 
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Review Problem 24.5 


Review Problem 24.6 


Review Problem 24.7 
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Site-specific cleavage of peptide bonds is possible with enzymes and specialized reagents 
as well, and these methods are now more widely used than partial hydrolysis. For exam- 
ple, the enzyme trypsin preferentially catalyzes hydrolysis of peptide bonds on the C-ter- 
minal side of arginine and lysine. Chemical cleavage at specific sites can be done with 
cyanogen bromide (CNBr), which cleaves peptide bonds on the C-terminal side of methio- 
nine residues. Using these site-selective cleavage methods on separate samples of a given 
polypeptide results in fragments that have overlapping sequences. After sequencing the indi- 
vidual fragments, aligning them with each other on the basis of their overlapping sections 
results in a sequence for the intact protein. 


24.5E Peptide Sequencing Using Mass Spectrometry 
and Sequence Databases 


Other methods for determining the sequence of a polypeptide include mass spectrometry 
and comparison of partial peptide sequences with databases of known complete sequences. 


Ladder Sequencing Mass spectrometry is especially powerful because sophisticated 
techniques allow mass analysis of proteins with very high precision. In one mass spectro- 
metric method, called “ladder sequencing,” an enzymatic digest is prepared that yields a 
mixture of peptide fragments that each differ in length by one amino acid residue (e.g., by 
use of carboxypeptidase). The digest is a family of peptides where each one is the result 
of cleavage of one successive residue from the chain. Mass spectrometric analysis of this 
mixture yields a family of peaks corresponding to the molecular weight of each peptide. 
Each peak in the spectrum differs from the next by the molecular weight of the amino acid 
that is the difference in their structures. With these data, one can ascend the ladder of peaks 
from the lowest weight fragment to the highest (or vice versa), “reading” the sequence of 
the peptide from the difference in mass between each peak. The difference in mass between 
each peptide fragment and the next represents the amino acid in that spot along the sequence, 
and hence an entire sequence can be read from the ladder of fragment masses. This tech- 
nique has also been applied to the sequencing of oligonucleotides. 


Tandem Mass Spectrometry (MS/MS) Random cleavage of a peptide, similar to that 
from partial hydrolysis with acid, can also be accomplished with mass spectrometry. An 
intact protein introduced into a mass spectrometer can be cleaved into smaller fragments 
by collision with gas molecules deliberately leaked into the mass spectrometer vacuum 
chamber (a technique called collision-induced dissociation, CID). These peptide fragments 
can be individually selected for analysis using a technique called tandem mass spectrom- 
etry (MS/MS). The mass spectra of these random fragments can be compared with mass 
spectra databases to determine the protein sequence. 


Partial Hydrolysis and Sequence Comparison In some cases it is also possible to 
determine the sequence of an unknown polypeptide by sequencing just a few of its amino 
acids and comparing this partial sequence with the database of known sequences for com- 
plete polypeptides or proteins. This procedure works if the unknown peptide turns out to 
be one that has been studied previously. (Studies of the expression of known proteins is 
one dimension of the field of proteomics, Section 24.14.) Due to the many sequence per- 
mutations that are theoretically possible and the uniqueness of a given protein's structure, 
a sequence of just 10—25 peptide residues is usually sufficient to generate data that match 
only one or a small number of known polypeptides. The partial sequence can be determined 
by the Edman method or by mass spectrometry. For example, the enzyme lysozyme with 
129 amino acid residues (see Section 24.10) can be identified based on the sequence of just 
its first 15 amino acid residues. Structure determination based on comparison of sequences 
with computerized databases is part of the burgeoning field of bioinformatics. 

An analogous approach using databases is to infer the DNA sequence that codes for a 
partial peptide sequence and compare this DNA sequence with the database of known DNA 
sequences. If a satisfactory match is found, the remaining sequence of the polypeptide can 
be read from the DNA sequence using the genetic code (see Section 25.5). In addition, the 
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inferred oligonucleotide sequence for the partial peptide can be synthesized chemically (see 
Section 25.7) and used as a probe to find the gene that codes for the protein. This technique 
is part of molecular biological methods used to clone and express large quantities of a pro- 
tein of interest. 


Glutathione is a tripeptide found in most living cells. Partial acid-catalyzed hydrolysis of Review Problem 24.8 
glutathione yields two dipeptides, CG and one composed of E and C. When this second 

dipeptide was treated with DNFB, acid hydrolysis gave N-labeled glutamic acid. (a) On 

the basis of this information alone, what structures are possible for glutathione? (b) 

Synthetic experiments have shown that the second dipeptide has the following structure: 


NHs* н о 


SH 


What is the structure of glutathione? 


Give the amino acid sequence of the following polypeptides using only the data given by Review Problem 24.9 
partial acidic hydrolysis: 


(a) S, O, P, T => ST + TO + PS 
2 


(b) A, R, C, V, LETS AC + CR + RV + LA 
2 


24.6 Examples of Polypeptide and Protein Primary Structure 


@ The covalent structure of a protein or polypeptide is called its primary structure 
(Fig. 24.5). 


Using the techniques we described, chemists have had remarkable success in determining 
the primary structures of polypeptides and proteins. The compounds described in the fol- 
lowing pages are important examples. 


N-Terminal C-Terminal | 


епа епа 
© Hydrogen Q Oxygen Q Nitrogen Figure 24.5 А representation 
of the primary structure of a 
Q R group Q Carbon — Peptide bond tetrapeptide. 


24.6A Oxytocin and Vasopressin 


Oxytocin and vasopressin (Fig. 24.6) are two rather small polypeptides with strikingly sim- Vincent du Vigneaud of 
ilar structures (where oxytocin has leucine, vasopressin has arginine, and where oxytocin N S пина Й 
has isoleucine, vasopressin has phenylalanine). In spite of the similarity of their amino acid vasopressin in 1953; he received 
sequences, these two polypeptides have quite different physiological effects. Oxytocin ^ the Nobel Prize in Chemistry in 
occurs only in the female of a species and stimulates uterine contractions during childbirth. 1335. 


Vasopressin occurs in males and females; it causes contraction of peripheral blood vessels 
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Figure 24.6 The structures of 
oxytocin and vasopressin. Amino 
acid residues that differ between 
them are shown in red. 
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and an increase in blood pressure. Its major function, however, is as an antidiuretic; phys- 
iologists often refer to vasopressin as an antidiuretic hormone. 

The structures of oxytocin and vasopressin also illustrate the importance of the disul- 
fide linkage between cysteine residues (Section 24.2A) in the overall primary structure of 
a polypeptide. In these two molecules this disulfide linkage leads to a cyclic structure. 


Treating oxytocin with certain reducing agents (e.g., sodium in liquid ammonia) brings 
about a single chemical change that can be reversed by air oxidation. What chemical changes 
are involved? 


24.6B Insulin 


Insulin, a hormone secreted by the pancreas, regulates glucose metabolism. Insulin defi- 
ciency in humans is the major problem in diabetes mellitus. 

The amino acid sequence of bovine insulin (Fig. 24.7) was determined by Sanger in 1953 
after 10 years of work. Bovine insulin has a total of 51 amino acid residues in two polypep- 
tide chains, called the A and B chains. These chains are joined by two disulfide linkages. 
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A Chain 
T 1 
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GIVEQCCASVCSLYQLENYCN 


B Chain 


Figure 24.7 The amino acid sequence of 
bovine insulin. Lines between chains indicate 


FVNQHLCGSHLVEALYLVCGERGFFYTPKA disulfide linkages. 


The A chain contains an additional disulfide linkage between cysteine residues at positions 


6 and 11. 


Human insulin differs from bovine insulin at only three amino acid residues: Threonine 
replaces alanine once in the A chain (residue 8) and once in the B chain (residue 30), and 
isoleucine replaces valine once in the A chain (residue 10). Insulins from most mammals 


have similar structures. 


THE CHEMISTRY ОҒ... 


Sickle-Cell Anemia 


The genetically based disease sickle-cell anemia results from 
a single amino acid error in the 8 chain of hemoglobin. In 
normal hemoglobin, position 6 has a glutamic acid residue, 
whereas in sickle-cell hemoglobin position 6 is occupied by 
valine. 

Red blood cells (erythrocytes) containing hemoglobin 
with this amino acid residue error tend to become crescent 


Normal (left) and sickled (right) red 
blood cells viewed with a scanning 
electron microscope at 18,000х 
magnification. 


24.6C Other Polypeptides and Proteins 


shaped ("sickle") when the partial pressure of oxygen is low, 
as it is in venous blood. These distorted cells are more dif- 
ficult for the heart to pump through small capillaries. They 
may even block capillaries by clumping together; at other 
times the red cells may even split open. Children who inherit 
this genetic trait from both parents suffer from a severe form 
of the disease and usually do not live past the age of two. 
Children who inherit the disease from only one parent gen- 
erally have a much milder form. Sickle-cell anemia arose 
among the populations of central and western Africa where, 
ironically, it may have had a beneficial effect. People with a 
mild form of the disease are far less susceptible to malaria 
than those with normal hemoglobin. Malaria, a disease 
caused by an infectious microorganism, is especially 
prevalent in central and western Africa. Mutational changes 
such as those that give rise to sickle-cell anemia are very 
common. Approximately 150 different types of mutant 
hemoglobin have been detected in humans; fortunately, 
most are harmless. 


Successful sequential analyses have now been achieved with thousands of other polypep- 


tides and proteins, including the following: 


1. Bovine ribonuclease. This enzyme, which catalyzes the hydrolysis of ribonucleic acid 
(Chapter 25), has a single chain of 124 amino acid residues and four intrachain disul- 


fide linkages. 


2. Human hemoglobin. There are four peptide chains in this important oxygen-carry- 
ing protein. Two identical а chains have 141 residues each, and two identical 8 chains 


have 146 residues each. 
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3. Bovine trypsinogen and chymotrypsinogen. These two digestive enzyme precur- 
sors have single chains of 229 and 245 residues, respectively. 


4. Gamma globulin. This immunoprotein has a total of 1320 amino acid residues in 
four chains. Two chains have 214 residues each; the other two have 446 each. 


5. p53, an anticancer protein. The protein called p53 (the p stands for protein), con- 
sisting of 393 amino acid residues, has a variety of cellular functions, but the most 
important ones involve controlling the steps that lead to cell growth. It acts as a tumor 
suppressor by halting abnormal growth in normal cells, and by doing so it prevents 
cancer. Discovered in 1979, p53 was originally thought to be a protein synthesized 
by an oncogene (a gene that causes cancer). Research has shown, however, that the 
form of p53 originally thought to have this cancer-causing property was a mutant form 
of the normal protein. The unmutated (or wild type) p53 apparently coordinates a com- 
plex set of responses to changes in DNA that could otherwise lead to cancer. When 
p53 becomes mutated, it no longer provides the cell with its cancer-preventing role; 
it apparently does the opposite, by acting to increase abnormal growth. 


More than half of the people diagnosed with cancer each year have a mutant form 
of p53 in their cancers. Different forms of cancer have been shown to result from dif- 
ferent mutations in the protein, and the list of cancer types associated with mutant 
p53 includes cancers of most of the body parts: brain, breast, bladder, cervix, colon, 
liver, lung, ovary, pancreas, prostate, skin, stomach, and so on. 


6. Ras proteins. Ras proteins are modified proteins associated with cell growth and the 
cell's response to insulin. They belong to a class of proteins called prenylated pro- 
teins, in which lipid groups derived from isoprenoid biosynthesis (Special Topic E, 
WileyPLUS) are appended as thioethers to C-terminal cysteine residues. Certain 
mutated forms of ras proteins cause oncogenic changes in various eukaryotic cell 
types. One effect of prenylation and other lipid modifications of proteins is to anchor 
these proteins to cellular membranes. Prenylation may also assist with molecular 
recognition of prenylated proteins by other proteins.* 


24.7 Polypeptide and Protein Synthesis 


We saw in Chapter 17 that the synthesis of an amide linkage is a relatively simple one. We 
must first “activate” the carboxyl group of an acid by converting it to an anhydride or acid 
chloride and then allow it to react with an amine: 


О О О О 
+ R'—NH > Е 
S R | S NHR' ges 
Anhydride Amine Amide 


The problem becomes somewhat more complicated, however, when both the acid group 
and the amino group are present in the same molecule, as they are in an amino acid, and 
especially when our goal is the synthesis of a naturally occurring polyamide where the 
sequence of different amino acids is all important. Let us consider, as an example, the syn- 
thesis of the simple dipeptide alanylglycine, AG. We might first activate the carboxyl group 
of alanine by converting it to an acid chloride, and then we might allow it to react with 
glycine. Unfortunately, however, we cannot prevent alanyl chloride from reacting with itself. 
So our reaction would yield not only AG but also AA. It could also lead to AAA and AAG, 
and so on. The yield of our desired product would be low, and we would also have a dif- 
ficult problem separating the dipeptides, tripeptides, and higher peptides. 


*See Gelb, M. H., "Modification of Proteins by Prenyl Groups,” in Principles of Medical Biology, Vol. 4 (Bittar, 
E. E., and Bittar, N., eds.), JAI Press: Greenwich, CT, 1995; Chapter 14, pp. 323-333. 
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24.7A Protecting Groups 


The solution to this problem is to “protect” the amino group of the first amino acid before we 
activate it and allow it to react with the second. By protecting the amino group, we mean that 
we must convert it to some other group of low nucleophilicity—one that will not react with a 
reactive acyl derivative. The protecting group must be carefully chosen because after we have 
synthesized the amide linkage between the first amino acid and the second, we will want to 
be able to remove the protecting group without disturbing the new amide bond. 

A number of reagents have been developed to meet these requirements. Three that are 
often used are benzyl chloroformate, di-tert-butyl dicarbonate (sometimes abbreviated 
Boc5O, where Boc stands for tert-butyloxycarbonyl), and 9-fluorenylmethyl chloroformate: 


О CI 
Ө) 
О 
Д. О О 
uli AK ii 
О О О 
Вепгу! chloroformate Di-tert-butyl dicarbonate 9-FluorenylImethyl chloroformate 


(Вос,О) 


АП three reagents react with the amine to block it from further acylation. These deriva- 
tions, however, are types that allow removal of the protecting group under conditions that 
do not affect peptide bonds. The benzyloxycarbonyl group (abbreviated Z) can be removed 
with catalytic hydrogenation or cold HBr in acetic acid. The tert-butyloxycarbonyl group 
can be removed with trifluoroacetic acid (CF3CO2H) in acetic acid. The 9-fluorenyl- 
methoxycarbonyl (Fmoc) group is stable under acid conditions but can be removed under 
mild basic conditions using piperidine (a secondary amine). 


Benzyloxycarbonyl Group те 


о Protection о 


R 
es Wiese 08 ghe pi 
FONT вс uot 


Benzyl chloroformate Benzyloxycarbonyl or 
Z group 


er 


HBr | acetic acid А 
(cold) Deprotection 


CH, 
Br 
Фа + CO, СУ + CO, + H;N—H 
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O O 
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R H H 
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The easy removal of the Z and Boc groups in acidic media results from the exceptional 
stability of the carbocations that are formed initially. The benzyloxycarbonyl group gives 
a benzyl carbocation; the tert-butyloxycarbonyl group yields, initially, a tert-butyl cation. 
Removal of the benzyloxycarbonyl group with hydrogen and a catalyst depends on the fact 
that benzyl-oxygen bonds are weak and subject to hydrogenolysis at low temperatures, 
resulting in methylbenzene (toluene) as one product: 


A benzyl ester 
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What classes of reactions are involved in the cleavage of the Fmoc group with piperidine, Review Problem 24.11 
leading to the unprotected amino acid and the fluorene by-product? Write mechanisms for 
these reactions. 


24.7B Activation of the Carboxyl Group 


Perhaps the most obvious way to activate a carboxyl group is to convert it to an acyl chlo- 
ride. This method was used in early peptide syntheses, but acyl chlorides are actually more 
reactive than necessary. As a result, their use leads to complicating side reactions. A much 
better method is to convert the carboxyl group of the "protected" amino acid to a 


О 


Aon 


mixed anhydride using ethyl chloroformate, Cl 


“Mixed anhydride” 
The mixed anhydride can then be used to acylate another amino acid and form a peptide 


linkage: 


но о ie AG. но m 
UN A. R UN OH + CO, + EtOH 
Z О OEt ———— 2 " 
H H H о 
Diisopropylcarbodiimide and dicyclohexylcarbodiimide (Section 17.8E) can also be used 
to activate the carboxyl group of an amino acid. In Section 24.7D we shall see how diiso- 
propylcarbodiimide is used in an automated peptide synthesis. 


24.7C Peptide Synthesis 


Let us examine now how we might use these reagents in the preparation of the simple dipep- 
tide AL. The principles involved here can, of course, be extended to the synthesis of much 
longer polypeptide chains. 


о 
о pu о 
Н.М: ori O “СІ он- Д. O^ (1) EtN 
25C Фа о n (2) CICO,Et 
H о 
2-А 


А Benzyl chloroformate 


=z 


OA b d SEM CY N OH 
k Ó о CO, + EtOH h ó 


Mixed anhydride 
of Z-A Z-AL 
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Review Problem 24.12 


Review Problem 24.13 


Review Problem 24.14 


м R. B. Merrifield, 1984 


AL 


Show all steps in the synthesis of GVA using the tert-butyloxycarbonyl (Boc) group as a 
protecting group. 


The synthesis of a polypeptide containing lysine requires the protection of both amino 
groups. (a) Show how you might do this in a synthesis of the dipeptide Kl using the ben- 
zyloxycarbonyl group as a protecting group. (b) The benzyloxycarbonyl group can also be 


| 


used to protect the guanidino group, —NHC—NH,, of arginine. Show a synthesis of the 
dipeptide RA. 


The terminal carboxyl groups of glutamic acid and aspartic acid are often protected through 
their conversion to benzyl esters. What mild method could be used for removal of this pro- 
tecting group? 


24.7D Automated Peptide Synthesis 


The methods that we have described thus far have been used to synthesize a number of 
polypeptides, including ones as large as insulin. They are extremely time-consuming and 
tedious, however. One must isolate the peptide and purify it by lengthy means at almost 
every stage. Furthermore, significant loss of the peptide can occur with each isolation and 
purification stage. The development of a procedure by R. B. Merrifield (Rockefeller 
University, dec. 2005) for automating this process was therefore a breakthrough in peptide 
synthesis. Merrifield's method, for which he received the 1984 Nobel Prize in Chemistry, 
is called solid-phase peptide synthesis (SPPS), and it hinges on synthesis of the peptide 
residue by residue while one end of the peptide remains attached to an insoluble plastic 
bead. Protecting groups and other reagents are still necessary, but because the peptide being 
synthesized is anchored to a solid support, by-products, excess reagents, and solvents can 
simply be rinsed away between each synthetic step without need for intermediate purifi- 
cation. After the very last step the polypeptide is cleaved from the polymer support and 
subjected to a final purification by HPLC. The method works so well that it was developed 
into an automated process. 

Solid-phase peptide synthesis (Fig. 24.8) begins with attachment of the first amino acid 
by its carboxyl group to the polymer bead, usually with a linker or spacer molecule in 
between. Each new amino acid is then added by formation of an amide bond between the 
N-terminal amino group of the peptide growing on the solid support and the new amino 
acid's carboxyl group. Diisopropylcarbodiimide (similar in reactivity to DCC, Section 
17.8E) is used as the amide bond-forming reagent. To prevent undesired reactions as each 
new residue is coupled, a protecting group is used to block the amino group of the residue 
being added. Once the new amino acid has been coupled to the growing peptide and before 
the next residue is added, the protecting group on the new N-terminus is removed, making 
the peptide ready to begin the next cycle of amide bond formation. 

Although Merrifield's initial method for solid-phase peptide synthesis used the Boc group 
to protect the a-amino group of residues being coupled to the growing peptide, several 
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Figure 24.8 A method for automated solid-phase peptide synthesis. 


Attaches C-terminal 
(Fmoc protected) amino 
acid residue to resin 


Purifies resin with 
attached residue by 
washing 


Removes Fmoc protecting 
group 


Purifies by washing 


Adds next (protected) 
amino acid residue 


Purifies by washing 


Removes protecting 
group 


Detaches completed 
polypeptide 


advantages of the Fmoc group have since made it the group of choice. The reasons have 
mainly to do with excellent selectivity for removing the Fmoc group in the presence of other 
protecting groups used to block reactive side chains along the growing peptide and the abil- 
ity to monitor the progress of the solid-phase synthesis by spectrophotometry as the Fmoc 
group is released in each cycle. 

Let us discuss the choice of protecting groups further. As noted (Section 24.7A), basic 
conditions (piperidine in DMF) are used to remove the Fmoc group. On the other hand, 
protecting groups for the side chains of the peptide residues are generally blocked with acid- 
labile moieties. The base-labile Fmoc groups and acid-labile side-chain protecting groups 
are said to be orthogonal protecting groups because one set of protecting groups is sta- 
ble under conditions for removal of the other, and vice versa. Another advantage of Fmoc 
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as compared to Boc groups for protecting the a-amino group of each new residue is that 
repetitive application of the acidic conditions to remove Boc groups from each new residue 
slowly sabotages the synthesis by prematurely cleaving some peptide molecules from the 
solid support and deprotecting some of the side chains. The basic conditions for Fmoc 
removal avoid these problematic side reactions. 


© The great advantage of solid-phase peptide synthesis is that purification of the pep- 
tide at each stage involves simply rinsing the beads of the solid support to wash 
away excess reagent, by-products, and solvents. 


ө Furthermore, having the peptide attached to a tangible solid during the synthesis 
allows all of the steps in the synthesis to be carried out by a machine in repeated 
cycles. 


Automated peptide synthesizers are available that can complete one cycle in 40 min and 
carry out 45 cycles of unattended operation. Though not as efficient as protein synthesis in 
the body, where enzymes directed by DNA can catalyze assembly of a protein with 150 
amino acids in about 1 min, automated peptide synthesis is a far cry from the tedious process 
of manually synthesizing a peptide step after step. A hallmark example of automated pep- 
tide synthesis was the synthesis of ribonuclease, a protein with 124 amino acid residues. 
The synthesis involved 369 chemical reactions and 11,930 automated steps—all carried out 
without isolating an intermediate. The synthetic ribonuclease not only had the same phys- 
ical characteristics as the natural enzyme, it possessed the identical biological activity as 
well. The overall yield was 1796, which means that the average yield of each individual 
step was greater than 99%. 


One type of insoluble support used for SPPS is polymer-bound 4-benzyloxybenzyl alco- 
hol, also known as “Wang resin,” shown in Fig. 24.8. The 4-benzyloxybenzyl alcohol moi- 
ety serves as a linker between the resin backbone and the peptide. After purification, the 
completed polypeptide can be detached from the resin using trifluoroacetic acid under con- 
ditions that are mild enough not to affect the amide linkages. What structural features of 
the linker make this possible? 


Outline the steps in the synthesis of the tripeptide KFA using the SPPS procedure. 


24.8 Secondary, Tertiary, and Quaternary Structures of Proteins 


We have seen how amide and disulfide linkages constitute the covalent or primary struc- 
ture of proteins. Of equal importance in understanding how proteins function is knowledge 
of the way in which the peptide chains are arranged in three dimensions. The secondary 
and tertiary structures of proteins are involved here. 


24.8A Secondary Structure 


© The secondary structure of a protein is defined by the local conformation of its 
polypeptide backbone. 


@ Secondary structures are specified in terms of regular folding patterns called 
а helices, -pleated sheets, and coil or loop conformations. 


To understand how these interactions occur, let us look first at what X-ray crystallo- 
graphic analysis has revealed about the geometry at the peptide bond itself. 


@ Peptide bonds tend to assume a geometry such that six atoms of the amide linkage 
are coplanar (Fig. 24.9). 
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Figure 24.9 The geometry and bond lengths (in 
angstroms, À) of the peptide linkage. The six enclosed 
atoms tend to be coplanar and assume a "transoid" 
arrangement.(Reprinted with permission of John Wiley & 
Sons, Inc., from Voet, D. and Voet, J. G., Biochemistry, 
trans-Peptide group Second Edition. © 1995 Voet, D. and Voet, J. G.) 


The carbon-nitrogen bond of the amide linkage is unusually short, indicating that resonance N Two American scientists, 


contributions of the type shown here are important: Linus Pauling and Robert 
B. Corey, were pioneers in 


UO Ó: Contributing the X-ray analysis of proteins. 
Beginning in 1939, Pauling and 


|| | resonance с initiated a | ` f 
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Tw N ^C. 4—5 = 69 as studies of the conformations of 
| | 3 peptide chains. At first, they used 
crystals of single amino acids, then 
dipeptides and tripeptides, and so 
Hindered 8 on. Moving on to larger and larger 
rotation О : molecules and using the precisely 
|| Нубпа constructed molecular models, 
xc resonance they were able to understand the 
N & structure secondary structures of proteins 
| for an amide. for the first time. Pauling won the 
1954 Nobel Prize in Chemistry and 
Free rotation the 1962 Nobel Peace Prize. 


@ The amide carbon-nitrogen bond, consequently, has considerable double-bond 
character (~40%), and rotations of groups about this bond are severely hindered. 


@ Rotations of groups attached to the amide nitrogen and the carbonyl carbon аге rel- 
atively free, however, and these rotations allow peptide chains to form different 
conformations. 


A transoid arrangement of groups around the relatively rigid amide bond would cause the 
side-chain R groups to alternate from side to side of a single fully extended peptide chain: 


Main chain 


Calculations show that such a polypeptide chain would have a repeat distance (i.e., dis- 
tance between alternating units) of 7.2 À. 

Fully extended polypeptide chains could hypothetically form a flat-sheet structure, with 
each alternating amino acid in each chain forming two hydrogen bonds with an amino acid 
in the adjacent chain: 
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Hypothetical flat-sheet structure 
(not formed because of steric hindrance) 


However, this structure does not exist in naturally occurring proteins because of the crowd- 
ing that would exist between R groups. If such a structure did exist, it would have the same 
repeat distance as the fully extended peptide chain, that is, 7.2 A. 


ө Many proteins incorporate a -pleated sheet or 6 configuration (Fig. 24.10). 


In a -pleated sheet structure, slight bond rotations from one planar amide group to the 
next relieve the steric strain from small- and medium-sized R groups. This allows amide 
groups on adjacent polypeptide segments to form hydrogen bonds between the chains (see 
Fig. 24.10). The B-pleated sheet structure has a repeat distance of 7.0 A between amide 
groups in a chain. The predominant secondary structure in silk fibroin (48% glycine and 
38% serine and alanine residues) is ће [8-рІеаѓеа sheet. 


Figure 24.10 The B-pleated sheet or B configuration of a protein. (Illustration, Irving Geis. Rights 
owned by Howard Hughes Medical Institute. Not to be reproduced without permission.) 


© The а helix is also a very important secondary structure in proteins (Fig. 24.11). 


The a-helix of a polypeptide is right-handed with 3.6 amino acid residues per turn. Each 
amide group in the chain has a hydrogen bond to an amide group at a distance of three amino 
acid residues in either direction, and the R groups all extend away from the axis of the helix. 
The repeat distance of the а helix is 5.4 A. 

The a-helical structure is found in many proteins; it is the predominant structure of the 
polypeptide chains of fibrous proteins such as myosin, the protein of muscle, and of a-ker- 
atin, the protein of hair, unstretched wool, and nails. 


24.8 Secondary, Tertiary, and Quaternary Structures of Proteins 


Helices and pleated sheets account for only about one-half of the structure of the aver- 
age globular protein. The remaining polypeptide segments have what is called a coil or loop 
conformation. These nonrepetitive structures are not random; they are just more difficult 
to describe. Globular proteins also have stretches, called reverse turns or В bends, where 
the polypeptide chain abruptly changes direction. These often connect successive strands 
of B sheets and almost always occur at the surface of proteins. 

Figure 24.12 shows the structure of the enzyme human carbonic anhydrase, based on 
X-ray crystallographic data. Segments of œ helix (magenta) and f sheets (yellow) inter- 
vene between reverse turns and nonrepetitive structures (blue and white, respectively). 


@ The locations of the side chains of amino acids of globular proteins are usually 
those that we would expect from their polarities: 


1. Residues with nonpolar, hydrophobic side chains, such as valine, leucine, isoleucine, 
methionine, and phenylalanine, are almost always found in the interior of the protein, 
out of contact with the aqueous solvent. (These hydrophobic interactions are largely 
responsible for the tertiary structure of proteins that we discuss in Section 24.8B.) 


2. Side chains of polar residues with positive or negative charges, such as arginine, 
lysine, aspartic acid, and glutamic acid, are usually on the surface of the protein in 
contact with the aqueous solvent. 


3. Uncharged polar side chains, such as those of serine, threonine, asparagine, glut- 
amine, tyrosine, and tryptophan, are most often found on the surface, but some of 
these are found in the interior as well. When they are found in the interior, they are 
virtually all hydrogen bonded to other similar residues. Hydrogen bonding apparently 
helps neutralize the polarity of these groups. 


Certain peptide chains assume what is called a random coil arrangement, a structure 
that is flexible, changing, and statistically random. Synthetic polylysine, for example, exists 
as a random coil and does not normally form an а helix. At pH 7, the e-amino groups of 
the lysine residues are positively charged, and, as a result, repulsive forces between them 
are so large that they overcome any stabilization that would be gained through hydrogen 
bond formation of an а helix. At pH 12, however, the e-amino groups are uncharged and 
polylysine spontaneously forms an а helix. 

The presence of proline or hydroxyproline residues in polypeptide chains produces 
another striking effect: Because the nitrogen atoms of these amino acids are part of five- 
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Figure 24.11 А representation 
of the a-helical structure of a 
polypeptide. Hydrogen bonds 
are denoted by dashed lines. 
(Illustration, Irving Geis. Rights 
owned by Howard Hughes 
Medical Institute. Not to be 
reproduced without permission.) 


Figure 24.12 The structure of the 


enzyme human carbonic anhydrase, based 
on X-ray crystallographic data. Alpha 
helices are shown in magenta and strands 
of B-pleated sheets are yellow. Turns are 
shown in blue and random coils are white. 
The side chains of three histidine residues 
(shown in red, green, and cyan) coordinate 
with a zinc atom (light green). Not obvious 
from this image is the interesting fact that 
the C-terminus is tucked through a loop of 
the polypeptide chain, making carbonic 
anhydrase a rare example of a native 
protein in which the polypeptide chain 
forms a knot. (PDB ID CA2, 
http://www.pdb.org. Eriksson, Jones, 
Liljas, Proteins: Structure, Function and 
Genetics, Volume 4, Issue 4, 1988, pp. 
274-282.) 
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membered rings, the groups attached by the nitrogen—a carbon bond cannot rotate enough 
to allow an a-helical structure. Wherever proline or hydroxyproline occur in a peptide chain, 
their presence causes a kink or bend and interrupts the а helix. 


24.8B Tertiary Structure 


@ The tertiary structure of a protein is the overall three-dimensional shape that 
arises from all of the secondary structures of its polypeptide chain. 


Proteins typically have either globular or fibrous tertiary structures. These tertiary struc- 
tures do not occur randomly. Under the proper environmental conditions the tertiary 
structure of a protein occurs in one particular way—a way that is characteristic of that par- 
ticular protein and one that is often highly important to its function. 

Various forces are involved in stabilizing tertiary structures, including the disulfide bonds 
of the primary structure. 


@ One characteristic of most proteins is that the folding takes place in such a way as 
to expose the maximum number of polar (hydrophilic) groups to the aqueous envi- 
ronment and enclose a maximum number of nonpolar (hydrophobic) groups within 
its interior. 


The soluble globular proteins tend to be much more highly folded than fibrous proteins. 
Myoglobin (Fig. 24.13) is an example of a globular protein. However, fibrous proteins also 
have a tertiary structure; the a-helical strands of a-keratin, for example, are wound together 
into a “superhelix.” The superhelix makes one complete turn for each 35 turns of the o helix. 
The tertiary structure does not end here, however. Even the superhelices can be wound 
together to give a ropelike structure of seven strands. 


24.8C Quaternary Structure 


Many proteins exist as stable and ordered noncovalent aggregates of more than one 
polypeptide chain. The overall structure of a protein having multiple subunits is called 
its quaternary structure. The quaternary structure of hemoglobin, for example, involves 
four subunits (see Section 24.12). 


Figure 24.13 The three-dimensional 
structure of myoglobin. The heme ring is 
shown in gray. The iron atom is shown as a 
red sphere, and the histidine side chains 
that coordinate with the iron are shown in 
cyan. (PDB ID 1MBD, http://www.pdb.org. 
Phillips, S.E., Schoenberg, B.P. Neutron 
diffraction reveals oxygen-histidine 
hydrogen bond in oxymyoglobin. Nature 
292, pp. 81-82, 1981.) 
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24.9 Introduction to Enzymes 


@ The reactions of cellular metabolism are mediated by remarkable biological cata- 
lysts called enzymes. 


Enzymes have the ability to bring about vast increases in the rates of reactions; in most 
instances, the rates of enzyme-catalyzed reactions are faster than those of uncatalyzed reac- 
tions by factors of 10°-10!. For living organisms, rate enhancements of this magnitude 
are important because they permit reactions to take place at reasonable rates, even under 
the mild conditions that exist in living cells (i.e., approximately neutral pH and a temper- 
ature of about 35?C.) 


@ Enzymes show remarkable specificity for their substrates and for formation of 
specific products. 


The specificity of enzymes is far greater than that shown by most chemical catalysts. In 
the enzymatic synthesis of proteins, for example (through reactions that take place on ribo- 
somes, Section 25.5E), polypeptides consisting of well over 1000 amino acid residues are 
synthesized virtually without error. It was Emil Fischer's discovery, in 1894, of the ability 
of enzymes to distinguish between a- and B-glycosidic linkages (Section 22.12) that led 
him to formulate his lock-and-key hypothesis for enzyme specificity. 


ө According to the lock-and-key hypothesis, the specificity of an enzyme (the lock) 
and its substrate (the key) comes from their geometrically complementary shapes. 


@ In an enzyme-catalyzed reaction, the enzyme and the substrate combine to form an 
enzyme-substrate complex. 


@ Formation of the enzyme-substrate complex often induces a conformational 
change in the enzyme called an induced fit that allows it to bind the substrate 
more effectively. 


Binding of the substrate can cause certain of its bonds to become strained, and there- 
fore more easily broken. The product of the reaction usually has a different shape from the 
substrate, and this altered shape, or in some instances the intervention of another molecule, 
causes the complex to dissociate. The enzyme can then accept another molecule of the sub- 
strate, and the whole process is repeated: 


Enzyme + substrate === enzyme-substrate complex === enzyme + product 


@ The place where a substrate binds to an enzyme and where the reaction takes place 
is called the active site. 


The noncovalent forces that bind the substrate to the active site are the same forces that 
account for the conformations of proteins: dispersion forces, electrostatic forces, hydrogen 
bonding, and hydrophobic interactions. The amino acids located in the active site are 
arranged so that they can interact specifically with the substrate. 


@ Reactions catalyzed by enzymes are stereospecific because enzymes are chiral. 


The specificity of enzymes arises in the way enzymes bind their substrates. An 
a-glycosidase will only bind the а stereoisomeric form of a glycoside, not the | form. 
Enzymes that metabolize sugars bind only D sugars; enzymes that synthesize most proteins 
bind only L amino acids; and so on. 

Although enzymes catalyze reactions stereospecifically, they often vary considerably 
in what is called their geometric specificity. By geometric specificity, we mean a speci- 
ficity that is related to the identities of the chemical groups of the substrates. Some 
enzymes will accept only one compound as their substrate. Others, however, will accept 
a range of compounds with similar groups. Carboxypeptidase A, for example, will 
hydrolyze the C-terminal peptide from all polypeptides as long as the penultimate residue 
is not arginine, lysine, or proline and as long as the next preceding residue is not proline. 


Carbonic anhydrase 


Carbonic anhydrase is an enzyme 
that catalyzes the following reac- 
tion: H2O + COs = Н2СОз. (PDB 
ID CA2, http://www.pdb.org. 
Eriksson, Jones, Liljas, Proteins: 
Structure, Function and Genetics, 
Volume 4, Issue 4, 1988, pp. 
274-282.) 


Certain RNA molecules, 
called ribozymes, can also 
act as enzymes. The 1989 


Nobel Prize in Chemistry went to 
Sidney Altman (Yale University) and 
to Thomas R. Cech (University of 
Colorado, Boulder) for the 
discovery of ribozymes. 
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Chymotrypsin, a digestive enzyme that catalyzes the hydrolysis of peptide bonds, will 
also catalyze the hydrolysis of esters. We shall consider its mechanism of hydrolysis in 
Section 24.11. 


О О 
у chymotrypsin pu ae ' 
+ cl ДОЗА + = 
"3 N P4 R H,O R on H4N R 
| 
H 
Peptide 
O O 


AP + H,O chymotrypsin Д 


R R OH + HO—R' 
Ester 


€ A compound that can negatively alter the activity of an enzyme is called an 
inhibitor. 


Help ful Hint A competitive inhibitor is a compound that competes directly with the substrate for 
In WileyPLUS materials we have һе active site. We learned in Section 20.9, for example, that sulfanilamide is a competi- 
highlighted several coenzymes ive ae eee b ial bati ор ‘ ai foli id 
because they are the tive inhibitor for a bacterial enzyme that incorporates p-aminobenzoic acid into folic acid. 
"organic chemistry machinery" Some enzymes require the presence of a cofactor. The cofactor may be a metal ion as, 
of some enzymes. For example, for example, the zinc atom of human carbonic anhydrase (see the Chemistry of . . . box, 
see "The Chemistry of ... Pyridoxal ion 24.1 d Fie. 24.12 h teth f : Геки 
Phosphate" and "The Chemistry Section 24. Q an ig. 24.12). Others may require the presence of an organic molecule, 
ог... Thiamine.” such as NAD ' (Section 14.10), called a coenzyme. Coenzymes become chemically changed 
in the course of the enzymatic reaction. NAD* becomes converted to NADH. In some 
enzymes the cofactor is permanently bound to the enzyme, in which case it is called a pros- 
thetic group. 

Many of the water-soluble vitamins are the precursors of coenzymes. Niacin (nicotinic acid) 

is a precursor of МАР“, for example. Pantothenic acid is a precursor of coenzyme A. 


О О О 
OH 
SQ OH oN 
2 H OH 
N 
Niacin Pantothenic acid 


24.10 Lysozyme: Mode of Action of an Enzyme 


Lysozyme is an enzyme that breaches the cell wall of gram-positive bacteria by hydrolyz- 
ing specific acetal linkages in the cell’s peptidoglycan polymer, causing lysis and cell death. 
We shall discuss the mechanism of this reaction below, but first let us consider the struc- 
ture of lysozyme. The primary structure of lysozyme is shown in Figure 24.14. 

Lysozyme's secondary structure includes a-helices at residues 5-15, 24—34, and 88—96; 
-pleated sheets involving residues 41—45 and 50-54; and а hairpin turn at residues 46—49. 
The remaining polypeptide segments of lysozyme have coil or loop formations. Glu-35 and 
Asp-52 are the amino acid residues directly involved in the hydrolysis reaction catalyzed 
by lysozyme. A three-dimensional structure of lysozyme is shown in Fig. 24.15. The amino 
acid residues responsible for its catalytic activity are highlighted in ball-and-stick format 
(Glu-35 and Asp-52 to the left). 

We shall discuss the reaction catalyzed by lysozyme shortly; first however, the discov- 
ery of lysozyme is an interesting story in itself. 


One day in 1922 Alexander Fleming was suffering from a cold. This is not unusual 
in London, but Fleming was a most unusual man and he took advantage of the cold 
in a characteristic way. He allowed a few drops of his nasal mucus to fall on a 
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Figure 24.14 The primary structure of hen egg white 
lysozyme. The amino acids that line the substrate- 
binding pocket are shown in blue. (Reprinted with 
permission of John Wiley & Sons, Inc. from Voet, D. and 
Voet, J. G. Biochemistry, Second Edition. € 1995 Voet, 


Tyr 
99 Gy 


culture of bacteria he was working with and then put the plate to one side to see 
what would happen. Imagine his excitement when he discovered some time later 
that the bacteria near the mucus had dissolved away. For a while he thought his 
ambition of finding a universal antibiotic had been realized. In a burst of activity 
he quickly established that the antibacterial action of the mucus was due to the 
presence of an enzyme; he called this substance lysozyme because of its capacity 
to lyse, or dissolve, the bacterial cells. Lysozyme was soon discovered in many tis- 
sues and secretions of the human body, in plants, and most plentifully of all in the 
white of an egg. Unfortunately Fleming found that it is not effective against the 
most harmful bacteria. He had to wait 7 years before a strangely similar experi- 
ment revealed the existence of a genuinely effective antibiotic: penicillin. 


D. and Voet, J. G.) 


This story was related by Professor David C. Phillips of Oxford University, who first 
elucidated the three-dimensional structure of lysozyme using X-ray crystallography.* 


Figure 24.15 А ribbon diagram of 
lysozyme highlighting aspartic acid 52 
(left) and glutamic acid 35 (right) in ball- 
and-stick format. (PDB ID: 1AZF, 
http://www.pdb.org. Lim, K., Nadarajah 
A., Forsythe, E.L., Pusey, M.L. Locations 
of bromide ions in tetragonal lysozyme 
crystals. Acta Crystallogr., Sect. D, 54, 
pp. 899-904, 1998.) 


*Quotation from “The Three-Dimensional Structure of an Enzyme Molecule” by David C. Phillips. © 1966 by 


Scientific American, Inc. All rights reserved. 
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R = cell wall oligosaccharide chain 
R' = cell wall peptide side chain 
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Figure 24.16 А hexasaccharide that has the same general structure as the cell wall 
polysaccharide on which lysozyme acts. Two different amino sugars are present: rings A, C, and E 
are derived from a monosaccharide called N-acetylglucosamine; rings B, D, and F are derived from 
a monosaccharide called N-acetylmuramic acid. When lysozyme acts on this oligosaccharide, 
hydrolysis takes place and results in cleavage at the glycosidic linkage between rings D and E. 


As mentioned, lysozyme hydrolyzes glycosidic linkages in the peptidoglycan polymer 
of gram-positive bacterial cell walls. The structure of an oligosaccharide similar to the poly- 
saccharide found in bacterial cell walls is shown in Fig. 24.16. N-Acetylglucosamine (NAG) 
and N-acetylmuramic acid (NAM) form alternating repeat units in this polysaccharide. 

Lysozyme selectively binds a six-unit segment of the peptidoglycan polymer and 
hydrolyzes specifically the acetal linkage between rings D and E shown in Fig. 24.16 (NAM 
and NAG units, respectively). 

The overall reaction catalyzed by lysozyme is as follows: 


OH 
Q 
E HOH 
O-NAM-OHR === 
NHAc lysozyme 
| OH 
4 
О O 
+ HO E O-NAM-OR 
NHAc 


Lysozyme binds the cell wall substrate in a cleft within its tertiary structure, such that 
the Glu-35 residue is close to the substrate on one side and Asp-52 is close on the other. 
Both amino acid residues are positioned in a way that facilitates reaction with the D—E gly- 
cosidic linkage of the polysaccharide. 

Strong evidence from mass spectrometry suggests that the mechanism of lysozyme 
involves sequential Sy2 reactions and a covalent enzyme-substrate intermediate (based on 
work by Stephen Withers and colleagues at the University of British Columbia and else- 
where). Asp-52 acts as the nucleophile in the first step, covalently bonding the substrate to 
the enzyme. A water molecule acts as a nucleophile in the second step to complete the for- 
mation of product and free the substrate from the active site. In both steps, Glu-35 serves 
as a general acid-base catalyst. The details are as follows. 

As lysozyme binds the substrate, the active site cleft closes slightly and C1 of ring D in 
the oligosaccharide substrate moves downward. The carboxylate group of Asp-52 attacks 
C1 of ring D from below (Figure 24.17), displacing the ring E C4 oxygen as a leaving group. 
The ring E C4 oxygen departs as a neutral species because it is protonated concurrently by 
the carboxylic acid group of Glu-35. The transition state for this Sy2 reaction is presumed 
to be the point at which ring D is nearly flat during the boat to chair conformational change. 
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RO—NAG о 
Q Asp-52 
O—NAM—OR 
NHAc 
A 
Glu-35 ^y 
i 
OH 
о Ўн 
) Figure 24.17 The double- 
displacement 542 mechanism for 
AcNH || lysozyme shown here is 
о о supported by mass spectometric 
evidence for a covalent 
Asp-52 enzyme-substrate intermediate. 


This step occurs with inversion, as expected for an 52 reaction, and leaves one part of the 


substrate covalently bound to the enzyme. 


In the second step, a water molecule, now in the site formerly occupied by ring E, attacks 
C1 and displaces the carboxylate group of Asp-52 as a leaving group. The Glu-35 anion 
assists as a base by removing a proton from the water molecule as it bonds with C1 of ring 
D. The entire lysozyme molecule serves as the leaving group. This event also occurs with 
inversion, liberates the substrate from the active site, and returns lysozyme to readiness for 
another catalytic cycle. The overall mechanism is shown in Fig. 24.17. 


An enzyme called carbonic anhydrase regulates the acidity 
(pH) of blood and the physiological conditions relating to 
blood pH. The reaction that carbonic anhydrase catalyzes is 
the equilibrium conversion of water and carbon dioxide to 
carbonic acid (Н2СОз). 


carbonic 
anhydrase 


НО + CO, HCO; === HCO,” + Н+ 
The rate at which one breathes, for example, is influenced 
by one’s relative blood acidity. Mountain climbers going to 
high elevations sometimes take a drug called Diamox (aceta- 
zolamide) to prevent altitude sickness. Diamox inhibits car- 
bonic anhydrase, and this, in turn, increases blood acidity. 
This increased blood acidity stimulates breathing and 
thereby decreases the likelihood of altitude sickness. 
Carbonic anhydrase consists of a chain of 260 amino 
acids that naturally folds into a specific globular shape. 


THE CHEMISTRY OF... 


Carbonic Anhydrase: Shuttling the Protons 


Included in its structure is a 
cleft or pocket, the active 
site, where the reactants are 
converted to products. The 
protein chain of carbonic 
anhydrase is shown here as a 
blue ribbon. 

At the active site of car- 
bonic anhydrase a water mol- 
ecule loses a proton to form 
a hydroxide (OH ) ion. This 
proton is removed by a part 
of carbonic anhydrase that 
acts as a base. Ordinarily the proton of a water molecule is 
not very acidic. However, the Lewis acid-base interaction 
between a zinc cation at the active site of carbonic anhy- 
drase and the oxygen atom of a water molecule leads to 


Carbonic anhydrase 
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positive charge on the water oxygen atom. This makes the 
protons of the water molecule more acidic. Removal of one 
of the protons of the water molecule forms hydroxide, which 
reacts with a carbon dioxide molecule at the active site to 
form HCOs' (hydrogen carbonate, or bicarbonate). In the 
structure of carbonic anhydrase shown here (based on X-ray 
crystallographic data), a bicarbonate ion at the active site is 
shown in red, the zinc cation at the active site is green, a 
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water molecule is shown in blue, and the basic sites that 
coordinate with the zinc cation (as Lewis bases) or remove 
the proton from water to form hydroxide (as Brensted-Lowry 
bases) are magenta (these bases are nitrogen atoms from 
histidine imidazole rings). No hydrogen atoms are shown in 
any of these species. As you can see, a remarkable orches- 
tration of Lewis and Brensted-Lowry acid-base reactions is 
involved in catalysis by carbonic anhydrase. 


24.11 Serine Proteases 


Chymotrypsin, trypsin, and elastin are digestive enzymes secreted by the pancreas into the 
small intestine to catalyze the hydrolysis of peptide bonds. These enzymes are all called 
serine proteases because the mechanism for their proteolytic activity (one that they have 
in common) involves a particular serine residue that is essential for their enzymatic activ- 
ity. As another example of how enzymes work, we shall examine the mechanism of action 
of chymotrypsin. 

Chymotrypsin is formed from a precursor molecule called chymotrypsinogen, which has 
245 amino acid residues. Cleavage of two dipeptide units of chymotrypsinogen produces 
chymotrypsin. Chymotrypsin folds in a way that brings together histidine at position 57, 
aspartic acid at position 102, and serine at position 195. Together, these residues constitute 
what is called the catalytic triad of the active site (Fig. 24.18). Near the active site is a 
hydrophobic binding site, a slotlike pocket that preferentially accommodates the nonpolar 
side chains of Phe, Tyr, and Trp. 

After chymotrypsin has bound its protein substrate, the serine residue at position 195 is 
ideally situated to attack the acyl carbon of the peptide bond (Fig. 24.19). This serine residue 
is made more nucleophilic by transferring its proton to the imidazole nitrogen of the his- 
tidine residue at position 57. The imidazolium ion that is formed is stabilized by the polar- 
izing effect of the carboxylate ion of the aspartic acid residue at position 102. (Neutron 
diffraction studies, which show the positions of hydrogen atoms, confirm that the car- 
boxylate ion remains as a carboxylate ion throughout and does not actually accept a proton 


A serine protease 


Figure 24.18 The catalytic triad in 
this serine protease (trypsin) is 
highlighted using the ball-and-stick 
model format for aspartic acid 52 
(yellow-green), histidine 102 
(purple), and serine 195 (red). A 
phosphonate inhibitor bound at the 
active site is shown in tube format. 
(This image and that in the margin, 
PDB ID: 1MAX, 
http://www.pdb.org, Bertrand, J.A., 
Oleksyszyn, J., Kam, C.M., 
Boduszek, B., Presnell, S., Plaskon, 
R.R., Suddath, F.L., Powers, J.C., 
Williams, L.D., Inhibition of trypsin 
and thrombin by amino(4- 
amidinophenyl)methanephosphonat 
e diphenyl ester derivatives: X-ray 
structures and molecular models. 
Biochemistry 35, pp. 3147-3155, 
1996.) 
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Figure 24.19 Тһе catalytic triad of chymotrypsin causes 
cleavage of a peptide bond by acylation of serine residue 195 
of chymotrypsin. Near the active site is a hydrophobic binding 
site that accommodates nonpolar side chains of the protein. 
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from the imidazole.) Nucleophilic attack by the serine leads to an acylated serine through 
a tetrahedral intermediate. The new N-terminal end of the cleaved polypeptide chain dif- 
fuses away and is replaced by a water molecule. 
Regeneration of the active site of chymotrypsin is shown in Fig. 24.20. In this process 
water acts as the nucleophile and, in a series of steps analogous to those in Fig. 24.19, 
hydrolyzes the acyl-serine bond. The enzyme is now ready to repeat the whole process. 
There is much evidence for this mechanism that, for reasons of space, we shall have 
to ignore. One bit of evidence deserves mention, however. There are compounds such as 
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Figure 24.20 Regeneration of the active site of chymotrypsin. 
Water causes hydrolysis of the acyl-serine bond. 
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diisopropylphosphofluoridate (DIPF) that irreversibly inhibit serine proteases. It has 
been shown that they do this by reacting only with Ser 195: 


О 
l О 
Ser195-} + Pio 7 “Е Sert95—} | 
OH O—i-Pr O^ VO—FPr 
O—rPr 
Diisopropylphospho- DIP-enzyme 


fluoridate (DIPF) 


Recognition of the inactivating effect of DIPF came about as a result of the discovery 
that DIPF and related compounds are powerful nerve poisons. (They are the “nerve gases" 
of military use, even though they are liquids dispersed as fine droplets, and not gases.) 
Diisopropylphosphofluoridate inactivates acetylcholinesterase (Section 20.3) by reacting 
with it in the same way that it does with chymotrypsin. Acetylcholinesterase is a serine 
esterase rather than a serine protease. 


Some proteins, called conjugated proteins, contain as a part of their structure a nonpro- 
tein group called a prosthetic group. An example is the oxygen-carrying protein hemo- 
globin. Each of the four polypeptide chains of hemoglobin is bound to a prosthetic group 
called heme (Fig. 24.21). The four polypeptide chains of hemoglobin are wound in such a 
way as to give hemoglobin a roughly spherical shape (Fig. 24.22). Moreover, each heme 
group lies in a crevice with the hydrophobic vinyl groups of its porphyrin structure sur- 
rounded by hydrophobic side chains of amino acid residues. The two propanoate side chains 
of heme lie near positively charged amino groups of lysine and arginine residues. 


О 
НО 
Figure 24.21 The structure of heme, the prosthetic 
group of hemoglobin. Heme has a structure similar to that HO 
of chlorophyll (Fig. 22.1) in that each is derived from the 
heterocyclic ring, porphyrin. The iron of heme is in the Z 
ferrous (24-) oxidation state. Q 


Figure 24.22 Hemoglobin. The two a subunits of hemoglobin 
are shown in blue and green. The two £ subunits are shown in 
yellow and cyan. The four heme groups are shown in purple, 
and their iron atoms are in red. (PDB ID: IOUU, http://www. 
pdb.org. Tame, J.R., Wilson, J.C., Weber, R.E. The crystal 
structures of trout Hb | in the deoxy and carbonmonoxy forms. 
J. Mol. Biol. 259, pp. 749—760, 1996.) 
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Some Catalytic Antibodies 


Antibodies are chemical warriors of the immune system. 
Each antibody is a protein produced specifically in response 
to an invading chemical species (e.g., molecules on the sur- 
face of a virus or pollen grain). The purpose of antibodies is 
to bind with these foreign agents and cause their removal 
from the organism. The binding of each antibody with its tar- 
get (the antigen) is usually highly specific. 

One way that catalytic antibodies have been produced 
is by prompting an immune response to a chemical species 
resembling the transition state for a reaction. According to 
this idea, if an antibody is created that preferentially binds 
with a stable molecule that has a transition state-like struc- 
ture, other molecules that are capable of reaction through 
this transition state should, in principle, react faster as a 
result of binding with the antibody. (By facilitating associa- 
tion of the reactants and favoring formation of the transition 
state structure, the antibody acts in a way similar to an 
enzyme.) In stunning fashion, precisely this strategy has 
worked to generate catalytic antibodies for certain 
Diels-Alder reactions, Claisen rearrangements, and ester 
hydrolyses. Chemists have synthesized stable molecules that 
resemble transition states for these reactions, allowed anti- 
bodies to be generated against these molecules (called hap- 
tens), and then isolated the resulting antibodies. The 


Claisen Rearrangement 


A hapten related to the Diels-Alder adduct from cyclohexadiene 
and maleimide, bound within a Diels-Alderase catalytic antibody. 
(PDB ID: 1A4K, http://www.pdb.org. Romesberg, F.E., Spiller, B., 
Schultz, P.G., Stevens, R.C. Immunological origins of binding and 
catalysis in a Diels-Alderase antibody. Science 279, pp. 1929-1933, 
1998.) 


antibodies thus produced are catalysts when actual substrate 
molecules are provided. 

The following are examples of haptens used as transition 
state analogs to elicit catalytic antibodies for a Claisen 
rearrangement, hydrolysis of a carbonate, and a Diels-Alder 
reaction. The reaction catalyzed by the antibody generated 
from each hapten is shown as well. 


7O,C о 
O 
R= Да 
Hapten p CO, H 
N,* 
OR 
деде t 
CO, Bur 
ò | 
dor ee E 
Y О CO, j=- 
OH 
OH 
Transition state 
Carbonate Hydrolysis 


о 
д. 
Наріеп O,N 202 o^ OH 


О 
| 


он |: 


C Pu 
ом )-o “осн, == ом о“ “осн, == 


Transition state 


+ HO- 


o- 


А OH 


O- + CO, + CH,OH 


icm WE 


(continues on the next page) 
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Diels-Alder Reaction 
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Exo product 


This marriage of enzymology and immunology, resulting in chemical offspring, is just one 
area of exciting research at the interface of chemistry and biology. 


The iron of the heme group is in the 2+ (ferrous) oxidation state and it forms a coor- 
dinate bond to a nitrogen of the imidazole group of histidine of the polypeptide chain. This 
leaves one valence of the ferrous ion free to combine with oxygen as follows: 


N (imidazole) 
A portion of oxygenated 
hemoglobin 


The fact that the ferrous ion of the heme group combines with oxygen is not particu- 
larly remarkable; many similar compounds do the same thing. What is remarkable about 
hemoglobin is that when the heme combines with oxygen the ferrous ion does not become 
readily oxidized to the ferric state. Studies with model heme compounds in water, for 
example, show that they undergo a rapid combination with oxygen but they also undergo 
a rapid oxidation of the iron from Fe?* to Fe?*. When these same compounds are embed- 
ded in the hydrophobic environment of a polystyrene resin, however, the iron is easily 
oxygenated and deoxygenated, and this occurs with no change in oxidation state of iron. 
In this respect, it is especially interesting to note that X-ray studies of hemoglobin have 
revealed that the polypeptide chains provide each heme group with a similar hydropho- 
bic environment. 
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24.13 Purification and Analysis of Polypeptides and Proteins 


24.13A Purification 


There are many methods used to purify polypeptides and proteins. The specific methods 
one chooses depend on the source of the protein (isolation from a natural source or chem- 
ical synthesis), its physical properties, including isoelectric point (p/), and the quantity of 
the protein on hand. Initial purification methods may involve precipitation, various forms 
of column chromatography, and electrophoresis. Perhaps the most important final method 
for peptide purification, HPLC, is used to purify both peptides generated by automated syn- 
thesis and peptides and proteins isolated from nature. 


24.13B Analysis 


A variety of parameters are used to characterize polypeptides and proteins. One of the most 
fundamental is molecular weight. Gel electrophoresis can be used to measure the approx- 
imate molecular weight of a protein. Gel electrophoresis involves migration of a peptide 
or protein dissolved in a buffer through a porous polymer gel under the influence of a high- 
voltage electric field. The buffer used (typically about pH 9) imparts an overall negative 
charge to the protein such that the protein migrates toward the positively charged terminal. 
Migration rate depends on the overall charge and size of the protein as well as the average 
pore size of the gel. The molecular weight of the protein is inferred by comparing the dis- 
tance traveled through the gel by the protein of interest with the migration distance of pro- 
teins with known molecular weights used as internal standards. The version of this technique 
called SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) allows pro- 
tein molecular weight determinations with an accuracy of about 5—10%. 
Mass spectrometry can be used to determine a peptide's molecular weight with very high 
accuracy and precision. Earlier we discussed mass spectrometry in the context of protein 
sequencing. Now we shall consider the practical aspects of how molecules with very high mol- 
ecular weight, such as proteins, can be transferred to the gas phase for mass spectrometric analy- 
sis. This is necessary, of course, whether the analysis regards peptide sequencing or full 
molecular analysis. Small organic molecules, as we discussed in Chapter 9, can be vaporized 
simply with high vacuum and heat. High-molecular-weight species cannot be transferred to 
the gas phase solely with heat and vacuum. Fortunately, very effective techniques have been 
developed for generating gas-phase ions of large molecules without destruction of the sample. 
One ionization method is electrospray ionization (ESI, Fig. 24.23), whereby a solution One-quarter of the 2002 
: у : As 23 Nobel Prize in Chemistry 
of a peptide (or other analyte) in a volatile solvent containing a trace of acid is sprayed N was aWarded'to. Johni B. 
through a high-voltage nozzle into the vacuum chamber of a mass spectrometer. The acid Fenn for his development of ESI 
in the solvent generates ions by protonating Lewis basic sites within the analyte. Peptides mass spectrometry. Another 
| : . a ; : quarter of the prize was awarded 
are typically protonated multiple times. Once injected through the high-voltage nozzle into — 45 Koichi Tanaku for discoveries 
the vacuum chamber, solvent molecules evaporate from the analyte ions (Fig. 24.23a), and — that led to matrix-assisted laser 
the ions are drawn into the mass analyzer (Fig. 24.235). The mass analyzer detects the ana- desorption ionization (MALDI, see 
lyte ions according to their time of flight, and registers their mass-to-charge ratio (m/z) (Fig. со 
24.236). Each peak displayed in the mass spectrum represents the molecular weight of an 
ion divided by the number of positive charges it carries. From this series of m/z peaks, the 
molecular weight of the analyte is calculated by a computerized process called deconvo- 
lution. An example of a deconvoluted spectrum, indicating a molecular weight of 46,360 
atomic mass units (daltons), is shown in Fig. 24.23d. 
If fragmentation of the analyte molecules is desired, it can be caused by collision-induced 
dissociation (CID, Section 24.5E). In this case, tandem mass spectrometry is necessary 
because the first mass analyzer in the system is used to select fragments of the peptide from 
CID based on their overall mass, while the second mass analyzer in the system records the 
spectrum of the selected peptide fragment. Multiple fragments from the CID procedure can 
be analyzed this way. The final spectrum for each peptide fragment selected has the typi- 
cal appearance of a family of ions, as shown below. 
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Electrospray ionization (ESI) . Mass analyzer (under vacuum) 


High-voltage 
capillary 


24.14 Proteomics 


АЕ а 
Analyte in dn 


acidic solution 


nozzle 


Molecular weight 
of the analyte 


m/z Mass 


Figure 24.23  Electrospray ionization (ESI) mass spectrometry. (a) Analyte ions, protonated 
multiple times by an acidic solvent system, are sprayed through a high-voltage nozzle into a 
vacuum chamber (diagram is not to scale). Molecules of the solvent evaporate. The mutiply 
charged analyte ions are drawn into the mass analyzer. (b) The analyte ions are separated and 
detected in the mass analyzer. (c) The family of detected ions is displayed in a spectrum according 
to m/z ratio. (d) Computerized deconvolution of the m/z peak series leads to the molecular weight 
of the analyte. 


Mass spectrometry with electrospray ionization (ESI-MS) is especially powerful when 
combined with HPLC because the two techniques can be used in tandem. With such an 
instrument the effluent from the HPLC is introduced directly into an ESI mass spectrom- 
eter. Thus, chromatographic separation of peptides in a mixture and direct structural infor- 
mation about each of them are possible using this technique. 

Another method for ionization of nonvolatile molecules is MALDI (matrix-assisted laser 
desorption ionization, Section 9.18A). Energy from laser bombardment of a sample 
adsorbed in a solid chemical matrix leads to generation of gas-phase ions that are detected 
by the mass spectrometer. Both MALDI and ESI are common ionization techniques for the 
analysis of biopolymers. 


Proteomics and genomics are two fields that have blossomed in recent years. Proteomics 
has to do with the study of all proteins that are expressed in a cell at a given time. Genomics 
(Sections 25.1 and 25.9) focuses on the study of the complete set of genetic instructions in 
an organism. While the genome holds the instructions for making proteins, it is proteins 
that carry out the vast majority of functions in living systems. Yet, compared to the tens of 
thousands of proteins encoded by the genome, we know the structure and function of only 
a relatively small percentage of proteins in the proteome. For this reason, the field of pro- 


24.14 Proteomics 


teomics has moved to a new level of importance since completion of sequencing the human 
genome. Many potential developments in health care and medicine now depend on identi- 
fying the myriad of proteins that are expressed at any given time in a cell, along with elu- 
cidation of their structures and biochemical function. New tools for medical diagnosis and 
targets for drug design will undoubtedly emerge at an increasing rate as the field of pro- 
teomics advances. 

One of the basic challenges in proteomics is simply separation of all the proteins pre- 
sent in a cell extract. The next challenge is identification of those proteins that have been 
separated. Separation of proteins in cell extracts has classically been carried out using two- 
dimensional polyacrylamide gel electrophoresis (2D PAGE). In 2D PAGE the mixture of 
proteins extracted from an organism is separated in one dimension of the gel by the iso- 
electric point (a technique called isoelectric focusing) and in the second dimension by mol- 
ecular weight. The result is a set of spots in the two-dimensional gel field that represents 
the location of separated proteins. The protein spots on the gel may then be extracted and 
analyzed by mass spectrometry or other methods, either as intact proteins or as enzymatic 
digests. Comparison of the results from mass spectrometry with protein mass spectrome- 
try databases allows identification of many of the proteins separated by the gel. 

There are limitations to protein separation by 2D PAGE, however. Not all proteins are 
amenable to 2D PAGE due to their size, charge, or specific properties. Furthermore, more 
than one protein may migrate to the same location if their isoelectric points and molecular 
weights are similar. Finally, 2D PAGE has inherent limits of detection that can leave some 
proteins of low concentration undetected. 

An improvement over 2D PAGE involves two-dimensional microcapillary HPLC cou- 
pled with mass spectrometry (see Fig. 24.24). In this technique, called MudPIT (multidi- 
mensional protein identification technology, developed by John Yates and co-workers at 
Scripps Research Institute), a microcapillary HPLC column is used that has been packed 
first with a strong cation-exchange resin and then a reversed-phase (hydrophobic) mater- 
ial. The two packing materials used in sequence and with different resolving properties rep- 
resent the two-dimensional aspect of this technique. A peptide mixture is introduced to the 
microcapillary column and eluted with pH and solvent gradients over a sequence of auto- 
mated steps. As the separated peptides are eluted from the column they pass directly into 
a mass spectrometer. Mass spectrometric data obtained for each protein represent a signa- 
ture that allows identification of the protein by comparison with a protein mass spectrom- 
etry database. This technique of 2D HPLC coupled with mass spectrometry is inherently 
more sensitive and general than 2D PAGE. One powerful example of its use is the identi- 
fication by Yates and co-workers of nearly 1500 proteins from the Saccharomyces cere- 
visiae (baker's yeast) proteome in one integrated analysis. 

Beyond the identification of proteins, quantitative measurement of the amounts of var- 
ious proteins that are expressed is also important in proteomics. Various disease states or 
environmental conditions experienced by a cell may influence the amount of some proteins 
that are expressed. Quantitative tracking of these changes as a function of cell state could 
be relevant to studies of disease and the development of therapies. A technique using 
reagents called isotope-coded affinity tags (ICAT, developed at the University of 
Washington) allows quantitative analysis and identification of components in complex pro- 
tein mixtures. The ICAT analysis involves mass spectrometric comparison of isotopically 
labeled and unlabeled protein segments that have been isolated by affinity chromatography 
and purified by microcapillary HPLC. 

Hand in hand with identification and quantification of proteins remains the need to deter- 
mine full three-dimensional protein structures. Even though thousands of proteins are 
encoded in the genome, only a relative handful of them have been studied in depth in terms 
of detailed structure and function. Full structure determination will therefore continue to 
be central to the field of proteomics. X-Ray crystallography, NMR, and mass spectrome- 
try are key tools that will be applied ever more fervently as the quest intensifies to eluci- 
date as many structures in the proteome as possible. 
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Problems 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are ATE: 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com) 


ferm Ə- Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


STRUCTURE AND REACTIVITY 


24.17 (a) Which amino acids in Table 24.1 have more than one chirality center? 
(b) Write Fischer projections for the isomers of each of these amino acids that would have the L configuration at 
the а carbon. 
(c) What kind of isomers have you drawn in each case? 


24.18 (a) What product would you expect to obtain from treating tyrosine with excess bromine water? 
(b) What product would you expect to be formed in the reaction of phenylalanine with ethanol in the presence of 
hydrogen chloride? 
(c) What product would you expect from the reaction of alanine and benzoyl chloride in aqueous base? 


24.19 (a) On the basis of the following sequence of reactions, Emil Fischer was able to show that (—)-serine and L-(+)- 
alanine have the same configuration. Write Fischer projections for the intermediates A-C: 


HCl PCl; (1) НО", H,O, heat Na -Hg | 
== > — |, - 
(—)-Serine 5 Se А (CaHioCINOg) —> B (C4HoCl2NO2) -ron C (CaH6CINO2) сео“ -alanine 


(b) The configuration of L-(+)-cysteine can be related to that of L-(—)-serine through the following reactions. Write 
Fischer projections for D and E: 
(1) Н.О", H,O, heat 


H- NaSH 
B (from part a) 28, D (C,H&CINO;) = E (C4HgNO2S) (2) OH- 


L-(+)-cysteine 

(c) The configuration of L-(—)-asparagine can be related to that of L-(—)-serine in the following way. What is the 
structure of F? 

NaOBr/OH- 


Hofmann 
rearrangement 


L-(—)-Asparagine F (C,H;N;O;) 


3 


C (from part a) 


24.20 (a) DL-Glutamic acid has been synthesized from diethyl acetamidomalonate in the following way. Outline the reac- 
tions involved. 


О СОЕ 
AN NaOEt 
N^ “сої + CN— он ^ 
ty (95% yield) 
concd HCI | ; 
Diethyl acetamido- С (C4;H,4N,0,) "NER pL-glutamic acid 
malonate (6696 yield) 


(b) Compound G has also been used to prepare the amino acid DL-ornithine through the following route. Outline 
the reactions involved here. 


Hs, Ni concd HCI 
H4gN 2, Н НЕМ ó-lactam) > 

С (C12H18N205) 68°C, 1000 psi (C10H16N204, a ólactam) -xh 
(90% yield) (97% yield) 


bL-ornithine hydrochloride (C5H;3CIN2O>) 


(L-Ornithine is a naturally occurring amino acid but does not occur in proteins. In one metabolic pathway L- 
ornithine serves as a precursor for L-arginine.) 
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Synthetic polyglutamic acid exists as an a helix in solution at pH 2-3. When the pH of such a solution is gradu- 
ally raised through the addition of a base, о dramatic change in optical rotation takes place at pH 5. This change 
has been associated with the unfolding of the o helix and the formation of a random coil. What structural feature 
of polyglutamic acid and what chemical change can you suggest as an explanation of this transformation? 


PEPTIDE SEOUENCING 


Bradykinin is a nonapeptide released by blood plasma globulins in response to a wasp sting. It is a very potent 
pain-causing agent. Its constituent amino acids are 2R, G, 2F, 3P, S. The use of 2,4-dinitrofluorobenzene and car- 
boxypeptidase shows that both terminal residues are arginine. Partial acid hydrolysis of bradykinin gives the fol- 
lowing di- and tripeptides: 

FS + PGF + PP + SPF + FR + RP 
What is the amino acid sequence of bradykinin? 


Complete hydrolysis of a heptapeptide showed that it has the following constituent amino acids: 
2A, E, L, K, F, V 

Deduce the amino acid sequence of this heptapeptide from the following data. 

1. Treatment of the heptapeptide with 2,4-dinitrofluorobenzene followed by incomplete hydrolysis gave, among 
other products: valine labeled at the a-amino group, lysine labeled at the s-amino group, and a dipeptide, 
DNP— VL (DNP = 2,4-dinitrophenyl-). 

2. Hydrolysis of the heptapeptide with carboxypeptidase gave an initial high concentration of alanine, followed 
by a rising concentration of glutamic acid. 


3. Partial enzymatic hydrolysis of the heptapeptide gave a dipeptide (A) and a tripeptide (B). 
a. Treatment of A with 2,4-dinitrofluorobenzene followed by hydrolysis gave DNP-labeled leucine and lysine 
labeled only at the e-amino group. 


b. Complete hydrolysis of B gave phenylalanine, glutamic acid, and alanine. When B was allowed to react with 
carboxypeptidase, the solution showed an initial high concentration of glutamic acid. Treatment of B with 
2,4-dinitrofluorobenzene followed by hydrolysis gave labeled phenylalanine. 


Challenge Problem 


24.24 


Part of the evidence for restricted rotation about the carbon-nitrogen bond in a peptide linkage (see Section 24.8A) 
comes from 'H NMR studies done with simple amides. For example, at room temperature the 'H NMR spectrum 
of N,N-dimethylformamide, (CH3)2NCHO, shows a doublet at ô 2.80 (ЗН), a doublet at 6 2.95 (ЗН), and a multi- 
plet at 6 8.05 (1H). When the spectrum is determined at lower magnetic field strength the doublets are found to 
have shifted so that the distance (in hertz) that separates one doublet from the other is smaller. When the temper- 
ature at which the spectrum is determined is raised, the doublets persist until a temperature of 111?C is reached; 
then the doublets coalesce to become a single signal. Explain in detail how these observations are consistent with 
the existence of a relatively large barrier to rotation about the carbon-nitrogen bond of DMF. 


Learning Group Problems 


1. 


The enzyme lysozyme and its mechanism are described in Section 24.10. Using the information presented there 
(and perhaps with additional information from a biochemistry textbook), prepare notes for a class presentation on 
the mechanism of lysozyme. 


Chymotrypsin is a member of the serine protease class of enzymes. Its mechanism of action is described in Section 
24.11. Using the information presented there (and perhaps supplemented by information from a biochemistry text- 
book), prepare notes for a class presentation on the mechanism of chymotrypsin. Consider especially the role of 
the “catalytic triad” with regard to acid—base catalysis and the relative propensity of various groups to act as nucle- 
ophiles or leaving groups. 


Protein Synthesis 


A cytosine-guanine base pair. 


m 


Chemistry has long been called the central science—it is involved in every aspect of life. Much of what we have 
learned about chemistry is related to how things work, how diseases can be treated at the molecular level, and 
how materials we need in our daily lives can be improved or new ones created. Certainly not the least of chem- 
istrys many applications, however, is an important dimension regarding work for global human rights and jus- 
tice. As we are all too well aware, in many parts of the world there are situations where people have been 
separated from relatives because of the atrocious acts of war. Some scientists are tracing the family connections 
left after these grievous events using modern tools of chemistry. Laboratories such as those of M.-C. King 
(University of Washington) are attempting to help families bring closure when only remains of suspected rela- 
tives have been found and to reunite people in cases where victims have survived and they or their families are 
searching for familial ties. 

The key to this work is DNA—the chemical fingerprint present in every tissue of every individual. Although 
the general structure of DNA is the same from one person to another, evidence for familial ties is present in the 
detailed sequence of each person's DNA. With the use of relatively simple chemistry—involving fluorescent dyes 
or radioactive isotopes, enzymes, gel electrophoresis, and a process called the polymerase chain reaction (PCR) 
that earned its inventor the 1993 Nobel Prize in Chemistry (Section 25.8)—it is now easy to synthesize millions 
of copies from a sample of DNA and to sequence it rapidly and conveniently. Application of these tools to com- 
parison of DNA samples from victims and relatives provides hope that, at least in some cases, the gap between 
family members will be closed. 
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Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are molecules that carry 
genetic information in cells. DNA is the molecular archive of instructions for protein syn- 
thesis. RNA molecules transcribe and translate the information from DNA for the mechan- 
ics of protein synthesis. The storage of genetic information, its passage from generation to 
generation, and the use of genetic information to create the working parts of the cell all 
depend on the molecular structures of DNA and RNA. For these reasons, we shall focus 
our attention on the structures and properties of these nucleic acids and of their compo- 
nents, nucleotides and nucleosides. 

DNA is a biological polymer composed of two molecular strands held together by hydro- 
gen bonds. Its overall structure is that of a twisted ladder with a backbone of alternating 
sugar and phosphate units and rungs made of hydrogen-bonded pairs of heterocyclic amine 
bases (Fig. 25.1). DNA molecules are very long polymers. If the DNA from a single human 
cell were extracted and laid straight end-to-end, it would be roughly a meter long. To pack- 
age DNA into the microscopic container of a cell’s nucleus, however, it is supercoiled and 
bundled into the 23 pairs of chromosomes with which we are familiar from electron 
micrographs. 

Four types of heterocyclic bases are involved in the rungs of the DNA ladder, and it is 
the sequence of these bases that carries the information for protein synthesis. Human DNA 
consists of approximately 3 billion base pairs. In an effort that marks a milestone in the 
history of science, a working draft of the sequence of the 3 billion base pairs in the human 


Coiled DNA 


(a) Chromosome 


(c) The four bases Guanine 


Thymine 


Cytosine 


Adenine Sugar-phosphate 


backbone of DNA 


Figure 25.1 The basics of genetics. Each cell in the human body (except red blood cells) contains 
23 pairs of chromosomes. Chromosomes are inherited: each parent contributes one chromosome per 
pair to their children. (a) Each chromosome is made up of a tightly coiled strand of DNA. The 
structure of DNA in its uncoiled state reveals (b) the familiar double-helix shape. If we picture DNA as 
a twisted ladder, the sides, made of sugar and phosphate molecules, are connected by (c) rungs 
made of heterocyclic amine bases. DNA has four, and only four, bases—adenine (A), thymine (T), 
guanine (G), and cytosine (C)—that form interlocking pairs. The order of the bases along the length 
of the ladder is called the DNA sequence. Within the overall sequence are genes, which encode the 
structure of proteins. (Science and Technology Review, November 1996, "The Human Genome 
Project," http://www..lInl.gov/str/Ashworth.html. Credit must be given to Linda Ashworth, the 
University of California, Lawrence Livermore National Laboratory, and the Department of Energy 
under whose auspices the work was performed, when this information or a reproduction of it is used.) 
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genome was announced in 2000. A final version was announced in 2003, the 50th anniver- 
sary of the structure determination of DNA by Watson and Crick. 


@ Each section of DNA that codes for a given protein is called a gene. 


@ The set of all genetic information coded by DNA in an organism is its genome. 


There are approximately 30,000—35,000 genes in the human genome. The set of all pro- 
teins encoded within the genome of an organism and expressed at any given time is called 
its proteome (Section 24.14). Some scientists estimate there could be up to one million 
different proteins in the cells of our various tissues—a number much greater than the num- 
ber of genes in the genome due to gene splicing during protein expression and post-trans- 
lational protein modification. 

Hopes are very high that, having sequenced the human genome, knowledge of it will 
bring increased identification of genes related to disease states (Fig. 25.2) and study of these 
genes and the proteins encoded by them will yield a myriad of benefits for human health 
and longevity. Determining the structure of all of the proteins encoded in the genome, learn- 
ing their functions, and creating molecular therapeutics based on this rapidly expanding store 
of knowledge are some of the key research challenges that lie ahead. 


Mullerian duct syndrome 
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Central core disease 
Malignant hyperthermia 


Polio susceptibility 


Xeroderma pigmentosum (D) 
Cockayne’s 
DNA ligase | deficiency 


Congenital nephrotic syndrome 


Maple syrup urine disease 
Hyperlipoproteinemia (IIb, II) 


Myotonic dystrophy 
Hypogonadism 


Glutaric aciduria (IIB) 


Figure 25.2 Schematic map of the 
location of genes for diseases on 
chromosome 19. (From Dept. of Energy 
Joint Genome Institute Website 
(http://www.jgi.doe.gov/whoweare/lIlnl ја! 


_decoding.htm#top). Credit to the 


University of California, Lawrence 
Livermore National Laboratory, and the 
Department of Energy under whose 
auspices the work was performed.) 


Let us begin with a study of the structures of nucleic acids. Each of their monomer units 
contains a cyclic amine base, a carbohydrate group, and a phosphate ester. 


25.2 Nucleotides and Nucleosides 


Mild degradations of nucleic acids yield monomeric units called nucleotides. A general 
formula for a nucleotide and the specific structure of one called adenylic acid are shown 
in Fig. 25.3. 

Complete hydrolysis of a nucleotide furnishes: 

1. A heterocyclic base from either the purine or pyrimidine family. 

2. A five-carbon monosaccharide that is either D-ribose or 2-deoxy-D-ribose. 


3. A phosphate ion. 
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Heterocyclic 


base 
p-N-Glycosidic 
linkage 
OH OH 
A nucleotide Adenylic acid 
(a) (5) 


Figure 25.3 (а) General structure of a nucleotide obtained from RNA. The heterocyclic base is a 
purine or pyrimidine. In nucleotides obtained from DNA, the sugar component is 2' -аеоху-р- 
ribose; that is, the — OH at position 2' is replaced by — H. The phosphate group of the 
nucleotide is shown attached at C5'; it may instead be attached at C3'. In DNA and RNA a 
phosphodiester linkage joins C5' of one nucleotide to C3' of another. The heterocyclic base is 
always attached through a B-N-glycosidic linkage at C1’. (b) Adenylic acid, a typical nucleotide. 


The central portion of the nucleotide is the monosaccharide, and it is always present as 
a five-membered ring, that is, as a furanoside. The heterocyclic base of a nucleotide is 
attached through an N-glycosidic linkage to C1' of the ribose or deoxyribose unit, and this 
linkage is always B. The phosphate group of a nucleotide is present as a phosphate ester 
and may be attached at C5' or C3'. (In nucleotides, the carbon atoms of the monosaccha- 
ride portion are designated with primed numbers, i.e., 1’, 2', 3’, etc.) 

Removal of the phosphate group of a nucleotide converts it to a compound known as a 
nucleoside (Section 22.15A). The nucleosides that can be obtained from DNA all contain 
2-deoxy-D-ribose as their sugar component and one of four heterocyclic bases: adenine, gua- 
nine, cytosine, or thymine: 


NH, [e NH, О 
М SN oy A tor 
| | | | 

|“ м у ^ v^ v^ 


H H H H 
Adenine Guanine Cytosine Thymine 
(A) (G) (C) (T) 
Purines Pyrimidines 


The nucleosides obtained from RNA contain D-ribose as their sugar component and ade- 
nine, guanine, cytosine, or uracil as their heterocyclic base. 


O 
H 
8 TM А м< 

Uracil replaces thymine іп ап ВМА nucleoside | 
(or nucleotide). (Some nucleosides obtained from pa 
specialized forms of RNA may also contain other, N O 
but similar, purines and pyrimidines.) Џ 

Uracil 


(a pyrimidine) 


The heterocyclic bases obtained from nucleosides are capable of existing in more than 
one tautomeric form. The forms that we have shown are the predominant forms that the 
bases assume when they are present in nucleic acids. 


Adenine 
je 
NH, 
N ~ N 
e 
HO O N N 


HO 
2'-Deoxyadenosine 


Cytosine 
—— 
NH, 


UN 


oe 


HO 
2'-Deoxyoytidine 
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25.2 Nucleotides and Nucleosides 


Guanine 
O 
ex 
| 
HO o N TT 


HO 
2'-Deoxyguanosine 


Thymine 
Е 
O 
CH, " gal 
| p Figure 25.4 Nucleosides that can be 
obtained from DNA. DNA is 2'-deoxy at 


the position where the blue shaded box is 
shown. RNA (see Fig 25.5) has hydroxyl 
groups at that location. RNA has a 
hydrogen where there is a methyl group in 
HO thymine, which in RNA makes the base 
2'-Deoxythymidine uracil (and the nucleoside uridine). 


The names and structures of the nucleosides found in DNA are shown in Fig. 25.4; those 


found in RNA are given in Fig. 25.5. 


Adenine 
јр i 
NH, 
N ~ М 
ex 
HO о М М 


HO OH 
Adenosine 
Cytosine 
NH, 


“SN 


ies 


HO OH 
Cytidine 


Guanine 
О 
cor 
| 
HO o N vw, 


HO OH 
Guanosine 


Uracil 


Figure 25.5 Nucleosides that can be 

obtained from RNA. DNA (see Fig 25.4) 

has hydrogen atoms where the red 

hydroxyl groups of ribose are shown 

He Юн (DNA is 2'-deoxy with respect to its ribose 
Uridine moiety). 
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Review Problem 25.1 


Review Problem 25.2 


Solved Problem 25.1 


Chapter 25 Nucleic Acids and Protein Synthesis 


Write the structures of other tautomeric forms of adenine, guanine, cytosine, thymine, and 
uracil. 


The nucleosides shown in Figs. 25.4 and 25.5 are stable in dilute base. In dilute acid, how- 
ever, they undergo rapid hydrolysis yielding a sugar (deoxyribose or ribose) and a hetero- 
cyclic base. 


(a) What structural feature of the nucleoside accounts for this behavior? 


(b) Propose a reasonable mechanism for the hydrolysis. 


Nucleotides are named in several ways. Adenylic acid (Fig. 25.3), for example, is usu- 
ally called AMP, for adenosine monophosphate. The position of the phosphate group is 
sometimes explicitly noted by use of the names adenosine 5'-monophosphate or 5'-adenylic 
acid. Uridylic acid is usually called UMP, for uridine monophosphate, although it can also 
be called uridine 5'-monophosphate or 5'-uridylic acid. If a nucleotide is present as a diphos- 
phate or triphosphate, the names are adjusted accordingly, such as ADP for adenosine 
diphosphate or GTP for guanosine triphosphate. 

Nucleosides and nucleotides are found in places other than as part of the structure of 
DNA and RNA. We have seen, for example, that adenosine units are part of the structures 
of two important coenzymes, NADH and coenzyme A. The 5'-triphosphate of adenosine 
is, of course, the important energy source, ATP (Section 22.1B). The compound called 3',5'- 
cyclic adenylic acid (or cyclic AMP) (Fig. 25.6) is an important regulator of hormone activ- 
ity. Cells synthesize this compound from ATP through the action of an enzyme, adenylate 
cyclase. In the laboratory, 3',5'-cyclic adenylic acid can be prepared through dehydration 
of 5'-adenylic acid with dicyclohexylcarbodiimide. 


NH, 
N Sn 
" т Д | 
Biosynthesis ATP pyrophosphate 4 2 
2 
о N^ ^N 
adenylate О 
Lind | Cyclic AMP 
dicyclohexyl- o=P~_ y 
cem ф 79 0H 
О 
Chemical AMP 


Synthesis 


Figure 25.6 |. 3',5'-Cyclic adenylic acid (cyclic AMP) and its biosynthesis and laboratory 
synthesis. 


When 3',5'-cyclic adenylic acid is treated with aqueous sodium hydroxide, the major product that is obtained is 
3'-adenylic acid (adenosine 3'-phosphate) rather than 5'-adenylic acid. Suggest a mechanism that explains the course 


of this reaction. 


STRATEGY AND ANSWER The reaction appears to take place through ап 542 mechanism. Attack occurs prefer- 
entially at the primary 5'-carbon atom rather than at the secondary 3'-carbon atom due to the difference in steric 


hindrance. 
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25.3 Laboratory Synthesis of Nucleosides and Nucleotides 


25.3 Laboratory Synthesis of Nucleosides and Nucleotides 


A variety of methods have been developed for the chemical synthesis of nucleosides from 
the constituent sugars and bases or their precursors. The following is an example of a 
silyl-Hilbert-Johnson nucleosidation, where a benzoyl protected sugar (D-ribose) reacts in 
the presence of tin(IV) chloride with an N-benzoyl protected base (cytidine) that is pro- 
tected further by in situ silylation.* The trimethylsilyl protecting groups for the base are 
introduced using N, O-bis(trimethylsilyl)acetamide (BSA) and they are removed with aque- 
ous acid in the second step. The result is a protected form of the nucleoside cytosine, from 
which the benzoyl groups can be removed with ease using a base: 


NHBz 
( 1 
NHBz т 
HO 1) BSA, SnCl,, HO 
o og + | UN МУ Маск heat -: 
pa (2) HCl, THF/H,O 
N о 
BzO OBz BzO OBz 
D-Ribose N^-Benzoylcytosine Cytidine 
(Bz protected) (Bz protected) 


Bz = C,H,CO (benzoyl) 


BSA = CH,C[=NSi(CH,),]OSi(CH,),, 
[N, O-bis(trimethylsilyl)acetamide, a reagent Тог 
trimethylsilylation of nucleophilic oxygen and nitrogen atoms] 


Another technique involves formation of the heterocyclic base on a protected ribo- 
sylamine derivative: 


о 
H 
ње 
о yo 
BzO NH BzO OH- us 
O 2 К J НЕ (-2EtOH) O но? Uridine 
Eto а 
820 OBz BzO OBz 
2,3,5-Tri-O-benzoyl- B-Ethoxy-N- 
B-p-ribofuranosylamine _ ethoxycarbonylacrylamide 
Basing your answer on reactions that you have seen before, propose a likely mechanism Review Problem 25.3 


for the condensation reaction in the first step of the preceding uridine synthesis. 


*These conditions were applied using L-ribose in a synthesis of the unnatural enantiomer of RNA (Pitsch, S. an 
efficient synthesis of enantiomeric ribonucleic acids from D-glucose. Helv. Chim. Acta 1997, 80, 2286-2314). 
The protected enantiomeric cytidine was produced in 94% yield by the above reaction. After adjusting 
protecting groups, solid-phase oligonucleotide synthesis methods (Section 25.7) were used with this compound 
and the other three nucleotide monomers (also derived from L-ribose) for preparation of the unnatural RNA 
enantiomer. See also Vorbriiggen, H.; Ruh-Pohlenz, C., Handbook of Nucleoside Synthesis; Wiley: Hoboken, 
NJ, 2001. 
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Still a third technique involves the synthesis of a nucleoside with a substituent in the 
heterocyclic ring that can be replaced with other groups. This method has been used exten- 
sively to synthesize unusual nucleosides that do not necessarily occur naturally. The fol- 
lowing example makes use of a 6-chloropurine derivative obtained from the appropriate 
ribofuranosyl chloride and chloromercuripurine: 


NH, 
N SN 
1) 
ђ N 
NH, " 
CI Adenosine 


"ve d а = р- Ribosy 


Numerous phosphorylating agents have been used to convert nucleosides to nucleotides. 
One of the most useful is dibenzyl phosphochloridate: 


О 
I 
BnO^/ hh 
BnO 


s 
R 


Bn = C,H;CH, (benzyl) 


Specific phosphorylation of the 5'-OH can be achieved if the 2'- and 3'-OH groups of the 
nucleoside are protected by an acetonide group (see the following): 


| D. 20 "g 
| HO. 9 4 BnO- p^ A" но s 
P ase -— ase " ase 
JE pyridine | (1) HO*, H,O | 
gos d CI + > ова 
п 
оо Ox<O OH OH 
Acetonide Nucleotide 


protecting group 


Mild acid-catalyzed hydrolysis removes the acetonide group, and hydrogenolysis cleaves 
the benzyl phosphate bonds. 


Review Problem 25.4 (a) What kind of linkage is involved in the acetonide group of the protected nucleoside, 


and why is it susceptible to mild acid-catalyzed hydrolysis? (b) How might such a protecting 
group be installed? 
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25.4 Deoxyribonucleic Acid: DNA 


The following reaction scheme is from a synthesis of cordycepin (a nucleoside antibiotic) Review Problem 25.5 
and the first synthesis of 2'-deoxyadenosine (reported in 1958 by C. D. Anderson, L. 
Goodman, and B. R. Baker, Stanford Research Institute): 


NH, 
N ES 
N 
4 | J 
М SN 
HO o 
= ——* > Cordycepin (1) 
Raney nickel ycep 
OH 
| soot 
b P 
ро : 
Raney nickel 2'-Deoxyadenosine (II) 


(a) What is the structure of cordycepin? (I and II are isomers.) 


(b) Propose a mechanism that explains the formation of II. 


25.3A Medical Applications 


In the early 1950s, Gertrude Elion and George Hitchings (of the Wellcome Research 
Laboratories) discovered that 6-mercaptopurine had antitumor and antileukemic properties. 
This discovery led to the development of other purine derivatives and related compounds, 
including nucleosides, of considerable medical importance. Three examples are the fol- 
lowing: 


| agents derived from purines. 


SH OH О Elion and Hitchings 

N H N shared the 1988 Nobel 
27 27 ~ Prize in Physiology or 

N | 3 N | À N N | 3 Medicine for their work in the 
S N К № 4 an N development of chemotherapeutic 
| 2 

H H ибн 


6-Mercaptopurine Allopurinol Acyclovir 


6-Mercaptopurine is used in combination with other chemotherapeutic agents to treat 
acute leukemia in children, and almost 8096 of the children treated are now cured. 
Allopurinol, another purine derivative, is a standard therapy for the treatment of gout. 
Acyclovir, a nucleoside that lacks two carbon atoms of its ribose ring, is highly effective 
in treating diseases caused by certain herpes viruses, including herpes simplex type 1 (fever 
blisters), type 2 (genital herpes), and varicella-zoster (shingles). 


25.4 Deoxyribonucleic Acid: DNA 


25.4A Primary Structure 


Nucleotides bear the same relation to a nucleic acid that amino acids do to a protein; they 
are its monomeric units. The connecting links in proteins are amide groups; in nucleic acids 
they are phosphate ester linkages. Phosphate esters link the 3'-OH of one ribose (or deoxyri- 
bose) with the 5'-OH of another. This makes the nucleic acid a long unbranched chain with 
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Figure 25.7 A segment of one 
DNA chain showing how 
phosphate ester groups link the 
3'- and 5'-OH groups of 
deoxyribose units. RNA has a 
similar structure with two 
exceptions: A hydroxyl replaces 
a hydrogen atom at the 2' 
position of each ribose unit and 
uracil replaces thymine. 


"| cannot help wondering 
whether some day an 
enthusiastic scientist will 


christen his newborn twins 
Adenine and Thymine." 
E HC. Спек" 
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5' end NH, 
N S N 
А 
M OO 


Adenine pentose—base 


Ag phosphate 


Thymine 
О 
ex 
| 
N uut 


Guanine 


pentose—base 


phosphate 


pentose—base 


NH, 


О phosphate 
Cytosine 
pentose—base 
3' end 


a "backbone" of sugar and phosphate units with heterocyclic bases protruding from the chain 
at regular intervals (Fig. 25.7). We would indicate the direction of the bases in Fig. 25.7 in 
the following way: 
5' < A—T—G—C > 3’ 
Itis, as we shall see, the base sequence along the chain of DNA that contains the encoded 
genetic information. The sequence of bases can be determined using enzymatic methods 
and chromatography (Section 25.6). 


25.4B Secondary Structure 


It was the now-classic proposal of James Watson and Francis Crick (made in 1953 and ver- 
ified shortly thereafter through the X-ray analysis by Maurice Wilkins) that gave a model 
for the secondary structure of DNA. This work earned Crick, Watson, and Wilkins the 1962 
Nobel Prize in Physiology or Medicine. Many believe that Rosalind Franklin, whose X- 
ray data was also key to solving the structure of DNA, should have shared the Nobel prize, 
but her death from cancer in 1958 precluded it. The secondary structure of DNA is espe- 
cially important because it enables us to understand how genetic information is preserved, 
how it can be passed on during the process of cell division, and how it can be transcribed 
to provide a template for protein synthesis. 


*Taken from Crick, F. H. C., The structure of the hereditary material. Sci. Am. 1954, 191(10), 20, 54—61. 


25.4 Deoxyribonucleic Acid: DNA 


Of prime importance to Watson and Crick's proposal was an earlier observation (made 
in the late 1940s) by Erwin Chargaff that certain regularities can be seen in the percent- 
ages of heterocyclic bases obtained from the DNA of a variety of species. Table 25.1 gives 
results that are typical of those that can be obtained. 


| таві 25.1 | DNA Composition of Various Species 


Base Proportions (mol 96) 


GtA A+T A G 


Species G A С T Cat Glee T С 
Sarcina lutea 37.1 13.4 37.1 12.4 1.02 0.35 1.08 1.00 
Escherichia coli К12 24.9 260 252 23.9 1.08 1.00 1.09 0.99 
Wheat germ 227 27.3 228? 27.1 1.00 1.19 1.01 1.00 
Bovine thymus 21.5 28.2 22.5? 27.8 0.96 1.27 1.01 0.96 
Staphylococcus 21.0 30.8 19.0 29.2 1.11 1.50 1.05 1.11 

aureus 
Human thymus 19.9 309 19.8 29.4 1.01 1.52 1.05 1.01 


Human liver 19.5 30.3 19.9 30.3 0.98 1.54 1.00 0.98 


*Cytosine + methylcytosine. 

Source: Smith, E. L.; Hill, R. L.; Lehman, |. R.; Lefkowitz, К. J.; Handler, Р; and White, A. Principles 
of Biochemistry: General Aspects, 7th ed. McGraw-Hill: New York, 1983; p. 132. Copyright © 1983 
by McGraw-Hill, Inc. Reproduced with permission of McGraw-Hill Companies. 


Chargaff pointed out that for all species examined: 


1. The total mole percentage of purines is approximately equal to that of the pyrimidines, 
that is, (%G + ФА)/(%С + %T) = 1. 


2. The mole percentage of adenine is nearly equal to that of thymine (i.e., ФА/%Т = 
1), and the mole percentage of guanine is nearly equal to that of cytosine (i.e., %G/%C 
= 1). 


Chargaff also noted that the ratio which varies from species to species is the ratio (ФА + 
96 T)/(96G + %C). He noted, moreover, that whereas this ratio is characteristic of the DNA 
of a given species, it is the same for DNA obtained from different tissues of the same ani- 
mal and does not vary appreciably with the age or conditions of growth of individual organ- 
isms within the same species. 

Watson and Crick also had X-ray data that gave them the bond lengths and angles of 
the purine and pyrimidine rings of model compounds. In addition, they had data from 
Franklin and Wilkins that indicated a repeat distance of 34 À in DNA. 

Reasoning from these data, Watson and Crick proposed a double helix as a model for 
the secondary structure of DNA. According to this model, two nucleic acid chains are held 
together by hydrogen bonds between base pairs on opposite strands. This double chain is 
wound into a helix with both chains sharing the same axis. The base pairs are on the inside 
of the helix, and the sugar-phosphate backbone is on the outside (Fig. 25.8). The pitch of 
the helix is such that 10 successive nucleotide pairs give rise to one complete turn in 34 À 
(the repeat distance). The exterior width of the spiral is about 20 À, and the internal dis- 
tance between 1’ positions of ribose units on opposite chains is about 11 A. 

Using molecular-scale models, Watson and Crick observed that the internal distance of 
the double helix is such that it allows only a purine-pyrimidine type of hydrogen bonding 
between base pairs. Purine-purine base pairs do not occur because they would be too large 
to fit, and pyrimidine-pyrimidine base pairs do not occur because they would be too far 
apart to form effective hydrogen bonds. 
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Helpful Hint 


The use of models was critical to 
Watson and Crick in their Nobel 

prize-winning work on the three- 
dimensional structure of DNA. 
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Figure 25.8 А molecular model of a 
portion of the DNA double helix. 
(Reprinted with permission of The 
McGraw-Hill Companies from Neal, L., 
Chemistry and Biochemistry: A 
Comprehensive Introduction, © 1971.) 


Watson and Crick went one crucial step further in their proposal. Assuming that the oxy- 
gen-containing heterocyclic bases existed in keto forms, they argued that base pairing 
through hydrogen bonds can occur in only a specific way: adenine (A) with thymine (T) 
and cytosine (C) with guanine (G). Dimensions of the pairs and electrostatic potential maps 
for the individual bases are shown in Fig. 25.9. 


Adenine pairs with thymine Guanine pairs with cytosine 
H H 
Е / | 
СН, Oe —N N—Heeeee: О 


Thymine Adenine Cytosine Guanine 


Specific base pairing of this kind is consistent with Chargaff's finding that %A/%T = 
1 and %G/%C = 1. 


25.4 Deoxyribonucleic Acid: DNA 


Adenine 


Thymine 


"а In DNA 


this is СТ" 


In DNA of deoxyribose. 


this is C1* 
of deoxyribose. 


А 
1.89 eS. 


Ф ee AS 


(a) 


Cytosine Guanine 


@ |- 29045 
© , -+ o 


€ 
"S In DNA 


this is C1’ 


this is C1’ 
of deoxyribose. 


(b) 


of deoxyribose. 


Figure 25.9 Base pairing of 
adenine with thymine (a) and 
cytosine with guanine (b). The 
dimensions of the thymine-adenine 
and cytosine-guanine hydrogen- 
bonded pairs are such that they 
allow the formation of strong 
hydrogen bonds and also allow the 
base pairs to fit inside the two 
phosphate-ribose chains of the 
double helix. (Reprinted from 
Archives of Biochemistry and 
Biophysics, 65, Pauling, l., Corey, 
R., p. 164-181, 1956. Copyright 
1956, with permission from 
Elsevier.) Electrostatic potential 
maps calculated for the individual 
bases show the complementary 
distribution of charges that leads 
to hydrogen bonding. 
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Phosphate 


Sugar 


Figure 25.10 Diagram of the DNA double helix showing complementary base pairing. The arrows 
indicate the 3' — 5’ direction. 


Specific base pairing also means that the two chains of DNA are complementary. 
Wherever adenine appears in one chain, thymine must appear opposite it in the other; wher- 
ever cytosine appears in one chain, guanine must appear in the other (Fig. 25.10). 

Notice that while the sugar-phosphate backbone of DNA is completely regular, the 
sequence of heterocyclic base pairs along the backbone can assume many different per- 
mutations. This is important because it is the precise sequence of base pairs that carries the 
genetic information. Notice, too, that one chain of the double strand is the complement of 
the other. If one knows the sequence of bases along one chain, one can write down the 
sequence along the other, because A always pairs with T and G always pairs with C. It is 
this complementarity of the two strands that explains how a DNA molecule replicates itself 
at the time of cell division and thereby passes on the genetic information to each of the two 
daughter cells. 


25.4C Replication of DNA 


Just prior to cell division the double strand of DNA begins to unwind. Complementary 
strands are formed along each chain (Fig. 25.11). Each chain acts, in effect, as a template 


25.4 Deoxyribonucleic Acid: DNA 


chain. 


for the formation of its complement. When unwinding and replication are complete, there 
are two identical DNA molecules where only one had existed before. These two molecules 
can then be passed on, one to each daughter cell. 


(a) There are approximately 3 billion base pairs in the DNA of a single human cell. 
Assuming that this DNA exists as a double helix, calculate the length of all the DNA con- 
tained in a human cell. (b) The weight of DNA in a single human cell is 6 X ig? g. 
Assuming that Earth’s population is about 6.5 billion, we can conclude that all of the genetic 
information that gave rise to all human beings now alive was once contained in the DNA 
of a corresponding number of fertilized ova. What is the total weight of DNA in this many 
ova? (The volume that this DNA would occupy is approximately that of a raindrop, yet if 
the individual molecules were laid end-to-end, they would stretch to the moon and back 
almost eight times.) 
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Figure 25.11 Replication of DNA. 
The double strand unwinds from 
one end and complementary 
strands are formed along each 


Review Problem 25.6 
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Review Problem 25.7 


Review Problem 25.8 
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(a) The most stable tautomeric form of guanine is the lactam form (or cyclic amide, see 
Section 17.81). This is the form normally present in DNA, and, as we have seen, it pairs 
specifically with cytosine. If guanine tautomerizes (see Section 18.2) to the lactim form, it 
pairs with thymine instead. Write structural formulas showing the hydrogen bonds in this 


abnormal base pair. 
о ОН 
h Y n ex 
^ по ^ Т 
H 


Lactam form Lactim form 
of guanine of guanine 


(b) Improper base pairings that result from tautomerizations occurring during the process 
of DNA replication have been suggested as a source of spontaneous mutations. We saw in 
part (a) that if a tautomerization of guanine occurred at the proper moment, it could lead 
to the introduction of thymine (instead of cytosine) into its complementary DNA chain. 
What error would this new DNA chain introduce into its complementary strand during the 
next replication even if no further tautomerizations take place? 


Mutations can also be caused chemically, and nitrous acid is one of the most potent chem- 
ical mutagens. One explanation that has been suggested for the mutagenic effect of nitrous 
acid is the deamination reactions that it causes with purines and pyrimidines bearing amino 
groups. When, for example, an adenine-containing nucleotide is treated with nitrous acid, 
it is converted to a bcd derivative: 


eR ou 


m jm 
nucleotide nucleotide 


(a) Basing your answer on reactions you have seen before, what are likely intermediates 
in the adenine — hypoxanthine interconversion? (b) Adenine normally pairs with thymine 
in DNA, but hypoxanthine pairs with cytosine. Show the hydrogen bonds of a hypoxan- 
thine—cytosine base pair. (c) Show what errors an adenine — hypoxanthine interconversion 
would generate in DNA through two replications. 


25.5 RNA and Protein Synthesis 


Soon after the Watson-Crick hypothesis was published, scientists began to extend it to yield 
what Crick called “the central dogma of molecular genetics.” This dogma stated that genetic 
information flows as follows: 


DNA — ВМА — protein 


The synthesis of protein is, of course, all important to a cell's function because proteins 
(as enzymes) catalyze its reactions. Even the very primitive cells of bacteria require as many 
as 3000 different enzymes. This means that the DNA molecules of these cells must con- 
tain a corresponding number of genes to direct the synthesis of these proteins. A gene is 
that segment of the DNA molecule that contains the information necessary to direct the syn- 
thesis of one protein (or one polypeptide). 


25.5 RNA and Protein Synthesis 


DNA is found primarily in the nucleus of eukaryotic cells. Protein synthesis takes place 
primarily in that part of the cell called the cytoplasm. Protein synthesis requires that two 
major processes take place; the first occurs in the cell nucleus, the second in the cytoplasm. 
The first is transcription, a process in which the genetic message is transcribed onto a form 
of RNA called messenger RNA (mRNA). The second process involves two other forms of 
RNA, called ribosomal RNA (rRNA) and transfer RNA (tRNA). 


25.5A Messenger RNA Synthesis—Transcription 


The events leading to protein synthesis begin in the cell nucleus with the synthesis of 
mRNA. Part of the DNA double helix unwinds sufficiently to expose on a single chain a 
portion corresponding to at least one gene. Ribonucleotides, present in the cell nucleus, 
assemble along the exposed DNA chain by pairing with the bases of DNA. The pairing pat- 
terns are the same as those in DNA with the exception that in RNA uracil replaces thymine. 
The ribonucleotide units of mRNA are joined into a chain by an enzyme called RNA poly- 
merase. This process is illustrated in Fig. 25.12. 
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There are viruses, called 
retroviruses, in which information 
flows from RNA to DNA. The virus 
that causes AIDS is a retrovirus. 


P Q P P P P 
Mc. » Bcc. mc сш 
DNA chain Ribonucleotides DNA chain Complementary DNA chain mRNA chain 
of gene RNA chain 

P = Phosphate ester linkage А = Adenine U = Uracil 
P] = Deoxyribose C = Cytosine 
ll = Ribose G = Guanine 


Figure 25.12 Transcription of the genetic code from DNA to mRNA. 


Write structural formulas showing how the keto form of uracil (Section 25.2) in mRNA 
can pair with adenine in DNA through hydrogen bond formation. 


Most eukaryotic genes contain segments of DNA that are not actually used when a pro- 
tein is expressed, even though they are transcribed into the initial mRNA. These segments 
are called introns, or intervening sequences. The segments of DNA within a gene that are 
expressed are called exons, or expressed sequences. Each gene usually contains a number 
of introns and exons. After the mRNA is transcribed from DNA, the introns in the mRNA 
are removed and the exons are spliced together. 

After mRNA has been synthesized and processed in the cell nucleus to remove the 
introns, it migrates into the cytoplasm where, as we shall see, it acts as a template for pro- 
tein synthesis. 


Review Problem 25.9 
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25.5B Ribosomes—rRNA 


Protein synthesis is catalyzed by ribosomes in the cytoplasm. Ribosomes (Fig. 25.13) are 
ribonucleoproteins, comprised of approximately two-thirds RNA and one-third protein. 
They have a very high molecular weight (about 2.6 x 10°). The RNA component is pre- 
sent in two subunits, called the 50S and 305 subunits (classified according to their sedi- 
mentation behavior during ultracentrifugation*). The 50S subunit is roughly twice the 
molecular weight of the 30S subunit. Binding of RNA with mRNA is mediated by the 30S 
subunit. The 50S subunit carries the catalytic activity for translation that joins one amino 
acid by an amide bond to the next. In addition to the rRNA subunits there are approximately 
30—35 proteins tightly bound to the ribosome, the entire structure resembling an exquisite 
three-dimensional jigsaw puzzle of RNA and protein. The mechanism for ribosome-cat- 
alyzed amide bond formation is discussed below. 

Ribosomes, as reaction catalysts, are most appropriately classified as ribozymes rather 
than enzymes, because it is RNA that catalyzes the peptide bond formation during protein 
synthesis and not the protein subunits of the ribosome. The mechanism for peptide bond 
formation catalyzed by the 50S ribosome subunit (Fig. 25.14), proposed by Moore and co- 
workers based on X-ray crystal structures, suggests that attack by the a-amino group is facil- 
itated by acid—base catalysis involving nucleotide residues along the 50S ribosome subunit 
chain, specifically a nearby adenine group. Full or partial removal of a proton from the a- 
amino group of the amino acid by N3 of the adenine group imparts greater nucleophilic- 
ity to the amino nitrogen, facilitating its attack on the acyl carbon of the adjacent 
peptide-tRNA moiety. A tetrahedral intermediate is formed, which collapses to form the 
new amide bond with release of the tRNA that had been joined to the peptide. Other moi- 
eties in the 50S ribosome subunit are believed to help stabilize the transfer of charge that 
occurs as МЗ of the adenyl group accepts the proton from the a-amino group of the new 
amino acid (see Problem 25.16). 


Figure 25.13 Structure of the Thermus 
thermophilus ribosome showing the 50S 
and 30S subunits and three bound 
transfer RNAs. The yellow tRNA is at the 
A site, which would bear the new amino 
acid to be added to the peptide. The light 
orange tRNA is at the P site, which would 
be the tRNA that bears the growing 
peptide. The red tRNA is at the E site, 
which is the "empty" tRNA after it has 
transferred the peptide chain to the new 
amino acid. (Courtesy of Harry Noller, 
University of California, Santa Cruz.) 


*S stands for svedberg unit; it is used in describing the behavior of proteins in an ultracentrifuge. 
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Figure 25.14 А mechanism for peptide bond formation catalyzed by the 50S subunit of the 
ribosome (as proposed by Moore and co-workers). The new amide bond in the growing peptide 
chain is formed by attack of the a-amino group in the new amino acid, brought to the A site of the 
ribosome by its tRNA, on the acyl carbon linkage of the peptide held at the P site by its tRNA. 
Acid-base catalysis by groups in the ribosome facilitate the reaction. (Reprinted with permission 
from Nissen et al., SCIENCE 289:920-930 (2000). Copyright 2000 AAAS. Also reprinted from 
Monro, R. E., and Marker, K. A., Ribosome-catalysed reaction of puromycin with a 
formylmethionine containing oligonucleotide, J. Mol. Biol. 25 pp. 347-350. Copyright 1967, with 
permission of Elsevier.) 


25.5C Transfer RNA 


Transfer RNA has a very low molecular weight when compared to those of mRNA and 
rRNA. Transfer RNA, consequently, is much more soluble than mRNA or rRNA and is 
sometimes referred to as soluble RNA. The function of tRNA is to transport amino acids 
to specific areas on the mRNA bound to the ribosome. There are, therefore, many forms 
of tRNA, more than one for each of the 20 amino acids that is incorporated into proteins, 
including the redundancies in the genetic code (see Table 25.2).* 

The structures of most tRNAs have been determined. They are composed of a relatively 
small number of nucleotide units (70—90 units) folded into several loops or arms through base 


* Although proteins are composed of 22 different amino acids, protein synthesis requires only 20. Proline is 
converted to hydroxyproline and cysteine is converted to cystine after synthesis of the polypeptide chain has 
taken place. 
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| TABLE 25.2 | The Messenger RNA Genetic Code 


mRNA Base mRNA Base mRNA Base 
Amino Sequence Amino Sequence Amino Sequence 
Acid By => Sy Acid 07 => еј Acid 5y = ey 
Ala GCA His CAC Ser AGC 
GCC CAU AGU 
GCG lle AUA UCA 
GCU AUC UCG 
Arg AGA AUU UCC 
AGG Leu CUA MS 
CGA CUC Thr ACA 
CGC CUG ACC 
CGG CUU ACG 
CGU UUA ACU 
Asn AAC UUG Trp UGG 
AAU Lys AAA Tyr UAC 
Asp GAC AAG UAU 
GAU Met AUG Val GUA 
Cys UGC Phe UUU GUG 
UGU UUC GUC 
Gln CAA Pro CCA GUU 
CAG CCC Chain initiation 
Glu GAA CCG fMet (N-formyl- AUG 
GAG CCU methionine) 
Gly GGA Chain termination UAA 
GGC UAG 
GGG UGA 
GGU 


pairing along the chain (Fig. 25.15). One arm always terminates in the sequence cytosine-cyto- 
sine-adenine (CCA). It is to this arm that a specific amino acid becomes attached through an 
ester linkage to the 3'-OH of the terminal adenosine. This attachment reaction is catalyzed by 
an enzyme that is specific for the tRNA and for the amino acid. The specificity may grow out 
of the enzyme's ability to recognize base sequences along other arms of the tRNA. 

At the loop of still another arm is a specific sequence of bases, called the anticodon. 
The anticodon is highly important because it allows the tRNA to bind with a specific site— 
called the codon—of mRNA. The order in which amino acids are brought by their tRNA 
units to the mRNA strand is determined by the sequence of codons. This sequence, there- 
fore, constitutes a genetic message. Individual units of that message (the individual words, 
each corresponding to an amino acid) are triplets of nucleotides. 


25.5D The Genetic Code 


The triplets of nucleotides (the codons) on mRNA are the genetic code (see Table 25.2). 
The code must be in the form of three bases, not one or two, because there are 20 differ- 
ent amino acids used in protein synthesis but there are only four different bases in mRNA. 
If only two bases were used, there would be only 42, or 16, possible combinations, а num- 
ber too small to accommodate all of the possible amino acids. However, with a three-base 
code, 43, ог 64, different sequences are possible. This is far more than are needed, and it 
allows for multiple ways of specifying an amino acid. It also allows for sequences that punc- 
tuate protein synthesis, sequences that say, in effect, “start here" and “end here." 

Both methionine (Met) and N-formylmethionine (fMet) have the same mRNA code 
(AUG); however, N-formylmethionine is carried by a different tRNA from that which car- 
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Figure 25.15 (a) Structure of a tRNA isolated from yeast that has the specific function of 
transferring alanine residues. Transfer RNAs often contain unusual nucleosides. 

PSU = pseudouridine, RT = ribothymidine, MI = 1-methylinosine, | = inosine, 

DMG = N?-methylguanosine, DHU = 4,5-dihydrouridine, IMG = 1-methylguanosine. 

(b) The X-ray crystal structure of a phenylalanine-tRNA from yeast. (For part b, Protein Data Bank 
PDB ID: 4TNA, http://www.pdb.org. Reprinted from Hingerty, E., Brown, R.S., Jack, A., Further 
refinement of the structure of yeast tRNAphe, J. Mol. Biol. 124, p. 523. Copyright 1978, with 
permission of Elsevier.) 


ries methionine. N-Formylmethionine appears to be the first amino acid incorporated into 
the chain of proteins in bacteria, and the tRNA that carries fMet appears to be the punctu- 
ation mark that says “start here.” Before the polypeptide synthesis is complete, N-formyl- 
methionine is removed from the protein chain by an enzymatic hydrolysis. 


" O 


Y OH 


SCH3 
N-Formylmethionine (fMet) 
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The genetic code can be expressed in mRNA codons (as we have shown in Table 25.2) 
or in DNA codons. We have chosen to show the mRNA codons because these are the codons 
that are actually read during the synthesis of polypeptides (the process called translation 
that we discuss next). However, each mRNA molecule (Section 25.5A) acquires its sequence 
of nucleotides by transcription from the corresponding gene of DNA. In transcription, RNA 
polymerase (along with other transcription factors) opens the DNA double helix and begins 
the process. 

As RNA polymerase transcribes DNA to mRNA, it moves along the complementary 
strand of DNA reading it in the 3' to 5' direction (called the antisense direction), making 
an mRNA transcript that is the same as the sense strand (the 5' to 3' direction) of the DNA 
(except that uracil replaces thymine). For example: 


Sense strand of DNA 5^. „САТ CGT TTG ACC GAT ... 3’ 
Antisense strand of DNA  3'... GTA GCA AAC TGG СТА ... 5’ 


|| Transcription of antisense strand 

mRNA 5'..CAU CGU  UUG АСС  GAU..3' 
|| Translation of mRNA 

Peptide ..His — Arg — Leu — Thr — Asp... 


Because the synthesis of mRNA proceeds in the 5' to 3' direction, the codons for the 
sense strand of DNA (with the exception of thymine replacing uracil) are the same as those 
for the mRNA. For example, one DNA codon for valine is GTA. The corresponding mRNA 
codon for valine is GUA. 


25.5E Translation 


We are now in a position to see how the synthesis of a hypothetical polypeptide might take 
place. This process is called translation. Let us imagine that a long strand of mRNA is in 
the cytoplasm of a cell and that it is in contact with ribosomes. Also in the cytoplasm are 
the 20 different amino acids, each acylated to its own specific tRNA. 

As shown in Fig. 25.16, a tRNA bearing fMet uses its anticodon to associate with the 
proper codon (AUG) on that portion of mRNA that is in contact with a ribosome. The 
next triplet of bases on the mRNA chain in this figure is AAA; this is the codon that spec- 
ifies lysine. A lysyl-tRNA with the matching anticodon UUU attaches itself to this site. 
The two amino acids, fMet and Lys, are now in the proper position for the 50S ribosome 
subunit to catalyze the formation of an amide bond between them, as shown in Fig. 25.16 
(by the mechanism in Fig. 25.14). After this happens, the ribosome moves down the chain 
so that it is in contact with the next codon. This one, GUA, specifies valine. A tRNA bear- 
ing valine (and with the proper anticodon) binds itself to this site. Another peptide 
bond-forming reaction takes place attaching valine to the polypeptide chain. Then the 
whole process repeats itself again and again. The ribosome moves along the mRNA chain, 
other tRNAs move up with their amino acids, new peptide bonds are formed, and the 
polypeptide chain grows. At some point an enzymatic reaction removes fMet from the 
beginning of the chain. Finally, when the chain is the proper length, the ribosome reaches 
a punctuation mark, UAA, saying “stop here.” The ribosome separates from the mRNA 
chain and so, too, does the protein. 

Even before the polypeptide chain is fully grown, it begins to form its own specific 
secondary and tertiary structure. This happens because its primary structure is correct— 
its amino acids are ordered in just the right way. Hydrogen bonds form, giving rise to 
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Figure 25.16 Step-by-step growth of a polypeptide chain with mRNA acting as a template. 
Transfer RNAs carry amino acid residues to the site of mRNA that is in contact with a ribosome. 
Codon-anticodon pairing occurs between mRNA and RNA at the ribosomal surface. An enzymatic 
reaction joins the amino acid residues through an amide linkage. After the first amide bond is 
formed, the ribosome moves to the next codon on mRNA. A new tRNA arrives, pairs, and transfers 
its amino acid residue to the growing peptide chain, and so on. 
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specific segments of a helix, pleated sheet, and coil or loop. Then the whole chain folds 
and bends; enzymes install disulfide linkages, so that when the chain is fully grown, the 
whole protein has just the shape it needs to do its job. (Predicting 2? and 3? protein struc- 
ture from amino acid sequence, however, remains a critical problem in structural bio- 
chemistry.) 

In the meantime, other ribosomes nearer the beginning of the mRNA chain are already 
moving along, each one synthesizing another molecule of the polypeptide. The time required 
to synthesize a protein depends, of course, on the number of amino acid residues it con- 
tains, but indications are that each ribosome can cause 150 peptide bonds to be formed each 
minute. Thus, a protein, such as lysozyme, with 129 amino acid residues requires less than 
a minute for its synthesis. However, if four ribosomes are working their way along a sin- 
gle mRNA chain, a protein molecule can be produced every 13 s. 

But why, we might ask, is all this protein synthesis necessary— particularly in a fully 
grown organism? The answer is that proteins are not permanent; they are not synthesized 
once and then left intact in the cell for the lifetime of the organism. They are synthesized 
when and where they are needed. Then they are taken apart, back to amino acids; enzymes 
disassemble enzymes. Some amino acids are metabolized for energy; others—new ones— 
come in from the food that is eaten, and the whole process begins again. 


The sense strand of a segment of DNA has the following sequence of bases: 
5'...TGGGGGTTTTACAGC...S' 


(a) What mRNA sequence would result from this segment? 


(b) Assume that the first base in this mRNA is the beginning of a codon. What order of 
amino acids would be translated into a polypeptide synthesized along this segment? 


(c) Give anticodons for each tRNA associated with the translation in part (b). 


(a) Using the first codon given for each amino acid in Table 25.2, write the base sequence 
of mRNA that would translate the synthesis of the following pentapeptide: 


Arg · lle - Cys - Tyr - Val 
(b) What base sequence in the DNA sense strand would correspond with this mRNA? 
(c) What anticodons would appear in the tRNAs involved in the pentapeptide synthesis? 


Explain how an error of a single base in each strand of DNA could bring about the amino acid error that causes 
sickle-cell anemia (see “The Chemistry of . . " box in Section 24.6B). 


STRATEGY AND ANSWER A change from GAA to GTA in DNA would lead to a change in mRNA from GAA 
to GUA (see Table 25.2). This change would result in the glutamic acid residue at position 6 in normal hemo- 
globin becoming valine (as it is in persons with sickle-cell anemia). Alternatively, a change from GAG to GTG 
in DNA would lead to a change in mRNA from GAG to GUG that would also result in valine replacing glutamic 


acid. 
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25.6 Determining the Base Sequence of DNA: 
The Chain-Terminating (Dideoxynucleotide) Method 


Certain aspects of the strategy used to sequence DNA resemble the methods used to 
sequence proteins. Both types of molecules require methods amenable to lengthy polymers, 
but in the case of DNA, a single DNA molecule is so long that it is absolutely necessary 
to cleave it into smaller, manageable fragments. Another similarity between DNA and pro- 
teins is that small sets of molecular building blocks comprise the structures of each, but in 
the case of DNA, only four nucleotide monomer units are involved instead of the 20 amino 
acid building blocks used to synthesize proteins. Finally, both proteins and nucleic acids 
are charged molecules that can be separated on the basis of size and charge using chro- 
matography. 

The first part of the process is accomplished by using enzymes called restriction 
endonucleases. These enzymes cleave double-stranded DNA at specific base sequences. 
Several hundred restriction endonucleases are now known. One, for example, called Alul, 
cleaves the sequence AGCT between G and C. Another, called EcoR1, cleaves GAATTC 
between G and A. Most of the sites recognized by restriction enzymes have sequences of 
base pairs with the same order in both strands when read from the 5’ direction to the 3' 
direction. For example, 


5' – Д—А—А—Т—Т—С  3' 
3' < С—Т—Т—А—А—фа > 5' 


Such sequences are known as palindromes. (Palindromes are words or sentences that read 
the same forward or backward. Examples are “radar” and “Madam, I’m Айат.) 

Sequencing of the fragments (often called restriction fragments) can be done chemically 

; . : А Gilbert and Sanger shared 

or with the aid of enzymes. The first chemical method was introduced by A. Maxam and РЕБЕ Paced 
W. Gilbert (both of Harvard University); the chain-terminating (dideoxynucleotide) Chemistry in 1980 with 
method was introduced in the same year by F. Sanger (Cambridge University). Essentially раи Berg for their work on nucleic 
all DNA sequencing is currently done using an automated version of the chain-terminat- ^ acids. Sanger (Section 24.5B), who 


ing method, which involves enzymatic reactions and 2',3' -dideoxynucleotides. pioneered the sequencing of 
proteins, had won an earlier Nobel 


prize in 1958 for the determination 


25.6А DNA Sequencing by the Chain-Terminating of the structure of insulin. 
(Dideoxynucleotide) Method 


The chain-terminating method for sequencing DNA involves replicating DNA in a way that 
generates a family of partial copies that differ in length by one base pair. These partial copies 
of the parent DNA are separated according to length, and the terminal base on each strand 
is detected by a covalently attached fluorescent marker. 

The mixture of partial copies of the target DNA is made by "poisoning" a replication 
reaction with a low concentration of unnatural nucleotides. The unnatural terminating 
nucleotides are 2',3'-dideoxy analogues of the four natural nucleotides. Lacking the 3'- 
hydroxyl, each 2',3'-dideoxynucleotide incorporated is incapable of forming a phospho- 
diester bond between its 3' carbon and the next nucleotide that would be needed to continue 
the polymerization, and hence the chain terminates. Because a low concentration of the 
dideoxynucleotides is used, only occasionally is a dideoxynucleotide incorporated at ran- 
dom into the growing chains, and thus DNA molecules of essentially all different lengths 
are synthesized from the parent DNA. 

Each terminating dideoxynucleotide is labeled with a fluorescent dye that gives a spe- 
cific color depending on the base carried by that terminating nucleotide. (An alternate 
method is to label the primer, a short oligonucleotide sequence used to initiate replication 
of the specific DNA, with specific fluorescent dyes, instead of the dideoxynucleotide ter- 
minators, but the general method is the same.) One of the dye systems in use (patented by 
ABI) consists of a donor chromophore that is initially excited by the laser and which then 
transfers its energy to an acceptor moiety which produces the observed fluorescence. The 
donor is tethered to the dideoxynucleotide by a short linker. 
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A 2'3'-dideoxynucleotide, linker, and fluorescent dye moiety like those used in 


fluorescence-tagged dideoxynucleotide DNA sequencing reactions 
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The replication reaction used to generate the partial DNA copies is similar but not iden- 
tical to the polymerase chain reaction (PCR) method (Section 25.8). In the dideoxy sequenc- 
ing method only one primer sequence of DNA is used, and hence only one strand of the 
DNA is copied, whereas in the PCR, two primers are used and both strands are copied simul- 
taneously. Furthermore, in sequencing reactions the chains are deliberately terminated by 
addition of the dideoxy nucleotides. 

Capillary electrophoresis is the method most commonly used to separate the mixture of 
partial DNAs that results from a sequencing reaction. Capillary electrophoresis separates 
the DNAs on the basis of size and charge, allowing nucleotides that differ by only one base 
length to be resolved. Computerized acquisition of fluorescence data as the differently ter- 
minated DNAs pass the detector generates a four-color chromatogram, wherein each con- 
secutive peak represents a DNA molecule one nucleotide longer than the previous one. The 
color of each peak represents the terminating nucleotide in that molecule. Since each of 
the four types of dideoxy terminating bases fluoresces a different color, the sequence of 
nucleotides in the DNA can be read directly. An example of sequence data from this kind 
of system is shown in Fig. 25.17. 
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Figure 25.17 Example of data from ап automated DNA sequencer. (Courtesy of Applied 
Biosystems.) 


25.7 Laboratory Synthesis of Oligonucleotides 


Use of automated methods for DNA sequencing represents an exponential increase in 
speed over manual methods employing vertical slab polyacrylamide gel electrophoresis (Fig. 
25.18). Only a few thousand bases per day (at most) could be sequenced by a person using 
the manual method. Now it is possible for a single machine running parallel and continu- 
ous analyses to sequence almost 3 million bases per day using automated capillary elec- 
trophoresis and laser fluorescence detection. As an added benefit, the ease of DNA 
sequencing often makes it easier to determine the sequence of a protein by the sequence 
of all or part of its corresponding gene, rather than by sequencing the protein itself (see 
Section 24.5). 
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The development of high-throughput methods for sequencing DNA is largely responsi- 
ble for the remarkable success achieved in the Human Genome Project. Sequencing the 3 
billion base pairs in the human genome could never have been completed before 2003 and 
the 50th anniversary of Watson and Crick's elucidation of the structure of DNA had high- 
throughput sequencing methods not come into existence.* 
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Figure 25.18 An apparatus for gel electrophoresis. 
Samples are applied in the slots at the top of the gel. 
Application of a voltage difference causes the 
samples to move. The samples move in parallel lanes. 
(Reprinted with permission of John Wiley & Sons, 
Inc., from Voet, D. and Voet, J. G., Biochemistry, 
Second Edition. O 1995 Voet, D. and Voet, J. G.) 


25.7 Laboratory Synthesis of Oligonucleotides 


Synthetic oligonucleotides are needed for a variety of purposes. One of the most important 
and common uses of synthetic oligonucleotides is as primers for nucleic acid sequencing 
and for PCR (Section 25.8). Another important application is in the research and develop- 
ment of antisense oligonucleotides, which hold potential as therapies for a variety of dis- 
eases. An antisense oligonucleotide is one that has a sequence complementary to the coding 
sequence in a DNA or RNA molecule. Synthetic oligonucleotides that bind tightly to DNA 
or mRNA sequences from a virus, bacterium, or other disease condition may be able to 
shut down expression of the target protein associated with those conditions. For example, 
if the sense portion of DNA in a gene reads 


A—G—A—C—C—G—T—G—G 
the antisense oligonucleotide would read 


T—C—T—G—G—C—A—C—C 


*The Human Genome Project website of the U.S. Department of Energy provides a wealth of resources for 
further information: www.ornl.gov/hgmis/. 
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The ability to deactivate specific genes in this way holds great medical promise. Many 
viruses and bacteria, during their life cycles, use a method like this to regulate some of 
their own genes. The hope, therefore, is to synthesize antisense oligonucleotides that will 
seek out and destroy viruses in a person's cells by binding with crucial sequences of the 
viral DNA or RNA. Synthesis of such oligonucleotides is an active area of research today 
and is directed at many viral diseases, including AIDS, as well as lung and other forms 
of cancer. 

Current methods for oligonucleotide synthesis are similar to those used to synthesize 
proteins, including the use of automated solid-phase techniques (Section 24.7D). A suit- 
ably protected nucleotide is attached to a solid phase called a “controlled pore glass,” or 
CPG (Fig. 25.19), through a linkage that can ultimately be cleaved. The next protected 
nucleotide in the form of a phosphoramidite is added, and coupling is brought about by 
a coupling agent, usually 1,2,3,4-tetrazole. The phosphite triester that results from the 
coupling is oxidized to phosphate triester with iodine, producing a chain that has been 
lengthened by one nucleotide. The dimethoxytrityl (DMTr) group used to protect the 5’ 
end of the added nucleotide is removed by treatment with acid, and the steps coupling, oxi- 
dation, detritylation, as shown in Figure 25.19, are repeated. (All the steps are carried out 
in nonaqueous solvents.) With automatic synthesizers the process can be repeated at least 
50 times and the time for a complete cycle is 40 min or less. The synthesis is monitored 
by spectrophotometric detection of the dimethoxytrityl cation as it is released in each cycle 
(much like the monitoring of Fmoc release in solid-phase peptide synthesis). After the 
desired oligonucleotide has been synthesized, it is released from the solid support and the 
various protecting groups, including those on the bases, are removed. 


25.8 The Polymerase Chain Reaction 


Mullis was awarded the 
Nobel Prize in Chemistry 
for this work in 1993. 


The polymerase chain reaction (PCR) is an extraordinarily simple and effective method 
for exponentially multiplying (amplifying) the number of copies of a DNA molecule. 
Beginning with even just a single molecule of DNA, the PCR can generate 100 billion copies 
in a single afternoon. The reaction is easy to carry out: It requires only a miniscule sam- 
ple of the target DNA (picogram quantities are sufficient), a supply of nucleotide triphos- 
phate reagents and primers to build the new DNA, DNA polymerase to catalyze the reaction, 
and a device called a thermal cycler to control the reaction temperature and automatically 
repeat the reaction. The PCR has had a major effect on molecular biology. Perhaps its most 
important role has been in the sequencing of the human genome (Sections 25.6 and 25.9), 
but now virtually every aspect of research involving DNA involves the PCR at some point. 

One of the original aims in developing the PCR was to use it in increasing the speed 
and effectiveness of prenatal diagnosis of sickle-cell anemia (Section 24.6B). It is now being 
applied to the prenatal diagnosis of a number of other genetic diseases, including muscu- 
lar dystrophy and cystic fibrosis. Among infectious diseases, the PCR has been used to detect 
cytomegalovirus and the viruses that cause AIDS, certain cervical carcinomas, hepatitis, 
measles, and Epstein-Barr disease. 

The PCR is a mainstay in forensic sciences as well, where it may be used to copy DNA 
from a trace sample of blood or semen or a hair left at the scene of a crime. It is also used 
in evolutionary biology and anthropology, where the DNA of interest may come from a 
40,000-year-old woolly mammoth or the tissue of a mummy. It is also used to match fam- 
ilies with lost relatives (see the chapter opening vignette). There is almost no area with bio- 
logical significance that does not in some way have application for use of the PCR reaction. 

The PCR was invented by Kary B. Mullis and developed by him and his co-workers at 
Cetus Corporation. It makes use of the enzyme DNA polymerase, discovered in 1955 by 
Arthur Kornberg and associates at Stanford University. In living cells, DNA polymerases 
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Figure 25.19 The steps involved in automated synthesis of oligonucleotides using the phosphor- 
amidite coupling method. 
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help repair and replicate DNA. The PCR makes use of a particular property of DNA poly- 
merases: their ability to attach additional nucleotides to a short oligonucleotide “primer” 
when the primer is bound to a complementary strand of DNA called a template. The 
nucleotides are attached at the 3' end of the primer, and the nucleotide that the polymerase 
attaches will be the one that is complementary to the base in the adjacent position on the 
template strand. If the adjacent template nucleotide is G, the polymerase adds C to the 
primer; if the adjacent template nucleotide is A, then the polymerase adds T, and so on. 
Polymerase repeats this process again and again as long as the requisite nucleotides (as 
triphosphates) are present in the solution, until it reaches the 5' end of the template. 

Figure 25.20 shows one PCR cycle. The target DNA, a supply of nucleotide triphos- 
phate monomers, DNA polymerase, and the appropriate oligonucleotide primers (one primer 
sequence for each 5' to 3' direction of the target double-stranded DNA) are added to a small 
reaction vessel. The mixture is briefly heated to approximately 90?C to separate the DNA 
strands (denaturation); it is cooled to 50-60°С to allow the primer sequences and DNA poly- 
merase to bind to each of the separated strands (annealing); and it is warmed to about 70°C 
to extend each strand by polymerase-catalyzed condensation of nucleotide triphosphate 
monomers complementary to the parent DNA strand. Another cycle of the PCR begins by 
heating to separate the new collection of DNA molecules into single strands, cooling for 
the annealing step, and so on. 


30-40 cycles of 3 steps: 


Step 1: Denaturation of double-stranded 
DNA to single strands. 
| | | 1 minute at approximately 90°C 


5’ 


5’ 


3’  Step2: Annealing of primers to each 


3' 5! 3! 5 single-stranded DNA. Primers 
"Mut 5 are needed with sequences 
y 


complementary to both single 
strands. 
45 seconds at 50-60°C 


3' Step 3: Extension of the parent DNA 


VINE ge ac] ШШ 5' strands with nucleotide 
triphosphate monomers 
"a 


| [D DES wey from the reaction mixture. 
— | N esl ^a^ / 2 minutes at approximately 70°С 


Figure 25.20 One cycle of the PCR. Heating separates the strands of DNA of the target to give 
two single-stranded templates. Primers, designated to complement the nucleotide sequences 
flanking the targets, anneal to each strand. DNA polymerase, in the presence of nucleotide 
triphosphates, catalyzes the synthesis of two pieces of DNA, each identical to the original target 
DNA. (Used with permisson from Andy Vierstraete, University of Ghent.) 


25.8 The Polymerase Chain Reaction 


4th cycle 


— M dm 


Wanted gene 


== ( 2nd cycle 


——dqsoyde /— 1 1] 111 1 ------- > 35th cycle 
Template DNA = < 
21 = 22 = < 
2 copies 4 copies 8 copies 16 copies 235 = 34 billion copies 


Each cycle, taking only a few minutes, doubles the amount of target DNA that existed 
prior to that step (Fig. 25.21). The result is an exponential increase in the amount of DNA 
over time. After n cycles, the DNA will have been replicated 2” times—after 10 cycles there 
is roughly 1000 times as much DNA; after 20 cycles roughly 1 million times as much; and 
so on. Thermal cycling machines can carry out approximately 20 PCR cycles per hour, 
resulting in billions of DNA copies over a single afternoon. 

Each application of PCR requires primers that are 10-20 nucleotides in length and whose 
sequences are complementary to short, conveniently located sequences flanking the target 
DNA sequence. The primer sequence is also chosen so that it is near sites that are cleav- 
able with restriction enzymes. Once a researcher determines what primer sequence is 
needed, the primers are usually purchased from commercial suppliers who synthesize them 
on request using solid-phase oligonucleotide synthesis methods like that described in 
Section 25.7. 

As an intriguing adjunct to the PCR story, it turns out that cross-fertilization between dis- 
parate research fields greatly assisted development of current PCR methods. In particular, 
the discovery of extremozymes, which are enzymes from organisms that live in high- 
temperature environments, has been of great use. DNA polymerases now typically used in 
PCR are heat-stable forms derived from thermophilic bacteria. Polymerases such as Taq poly- 
merase, from the bacterium Thermus aquaticus, found in places such as geyser hot springs, 
and Ventp™, from bacteria living near deep-sea thermal vents, are used. Use of 
extremozyme polymerases facilitates PCR by allowing elevated temperatures to be used for 
the DNA melting step without having to worry about denaturing the polymerase enzyme at 
the same time. All materials can therefore be present in the reaction mixture throughout the 
entire process. Furthermore, use of a higher temperature during the chain extension also leads 
to faster reaction rates. (See “The Chemistry of . . . Stereoselective Reductions of Carbonyl 
Groups,” Section 12.3C, for another example of the use of high-temperature enzymes.) 
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Figure 25.21 Each cycle of 
the PCR doubles the number of 
copies of the target area. (Used 
with permisson from Andy 
Vierstraete, University of 
Ghent.) 


Thermophilic bacteria, growing in hot springs like 
these at Yellowstone National Park, produce heat- 
stable enzymes called extremozymes that have 

proved useful for a variety of chemical processes. 
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25.9 Sequencing of the Human Genome: An Instruction 
Book for the Molecules of Life 


"This structure has novel 
features, which are of 
considerable biological 


importance." James Watson, one 
of the scientists who determined 
the structure of DNA. 


The announcement by scientists from the public Human Genome Project and Celera 
Genomics Company in June 2000 that sequencing of the approximately 3 billion base pairs 
in the human genome was complete marked achievement of one of the most important and 
ambitious scientific endeavors ever undertaken. To accomplish this feat, data were pooled 
from thousands of scientists working around the world using tools including PCR (Section 
25.8), dideoxynucleotide sequencing reactions (Section 25.6), capillary electrophoresis, 
laser-induced fluorescence, and supercomputers. What was ultimately produced is a tran- 
script of our chromosomes that could be called an instruction book for the molecules 
of life. 

But what do the instructions in the genome say? How can we best make use of the mol- 
ecular instructions for life? Of the roughly 35,000 genes in our DNA, the function of only 
a small percentage of genes is understood. Discovering genes that can be used to benefit 
our human condition and the chemical means to turn them on or off presents some of the 
greatest opportunities and challenges for scientists of today and the future. Sequencing the 
genome was only the beginning of the story. 

As the story unfolds, chemists will continue to add to the molecular archive of com- 
pounds used to probe our DNA. DNA microchips, with 10,000 or more short diagnostic 
sequences of DNA chemically bonded to their surface in predefined arrays, will be used to 
test DNA samples for thousands of possible genetic conditions in a single assay. With the 
map of our genome in hand, great libraries of potential drugs will be tested against genetic 
targets to discover more molecules that either promote or inhibit expression of key gene 
products. Sequencing of the genome will also accelerate development of molecules that 
interact with proteins, the products of gene expression. Knowledge of the genome sequence 
will expedite identification of the genes coding for interesting proteins, thus allowing these 
proteins to be expressed in virtually limitless quantities. With an ample supply of target 
proteins available, the challenges of solving three-dimensional protein structures and under- 
standing their functions will also be overcome more easily. Optimization of the structures 
of small organic molecules that interact with proteins will also occur more rapidly because 
the protein targets for these molecules will be available faster and in greater quantity. There 
is no doubt that the pace of research to develop new and useful organic molecules for inter- 
action with gene and protein targets will increase dramatically now that the genome has 
been sequenced. The potential to use our chemical creativity in the fields of genomics and 
proteomics is immense. 


Key Terms and Concepts 


The key terms and concepts that are highlighted in bold, blue text within the chapter are 
defined in the glossary (at the back of the book) and have hyperlinked definitions in the 
accompanying WileyPLUS course (www.wileyplus.com). 


WILEY Note to Instructors: Many of the homework problems are available for assignment via WileyPLUS, an online 
PLUS teaching and learning solution. 


NUCLEIC ACID STRUCTURE 


25.12 Write the structure of the RNA dinucleotide G-C in which G has a free 5'-hydroxyl group and C has a free 


3'-hydroxyl group. 


25.13 Write the structure of the DNA dinucleotide T-A in which T has a free 5'-hydroxyl group and A has a free 


3'-hydroxyl group. 
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Problems 


MECHANISMS 


25.14 The example of a silyl-Hilbert-Johnson nucleosidation reaction in Section 25.3 is presumed to involve an inter- 
mediate ribosyl cation that is stabilized by intramolecular interactions involving the C2 benzoyl group. This inter- 
mediate blocks attack by the heterocyclic base from the a face of the ribose ring but allows attack on the B face, 
as required for formation of the desired product. Propose a structure for the ribosyl cation intermediate that explains 
the stereoselective bonding of the base. 


25.15 (а) Mitomycin is a clinically used antitumor antibiotic that acts by disrupting DNA synthesis through covalent bond- 
forming reactions with deoxyguanosine in DNA. Maria Tomasz (Hunter College) and others have shown that alky- 
lation of DNA by mitomycin occurs by a complex series of mechanistic steps. The process begins with reduction 
of the quinone ring in mitomycin to its hydroquinone form, followed by elimination of methanol from the adjacent 
ring to form an intermediate called leuco-aziridinomitosene. One of the paths by which leuco-aziridinomitosene 
alkylates DNA involves protonation and opening of the three-membered aziridine ring, resulting in an intermediate 
cation that is resonance stabilized by the hydroquinone group. Attack on the cation by N2 of a deoxyguanosine residue 
leads to a monoalkylated DNA product, as shown in the scheme. Write a detailed mechanism to show how the ring 
opening might occur, including resonance forms for the cation intermediate, followed by nucleophilic attack by DNA. 
(Intra- or interstrand cross-linking of DNA can further occur by reaction of another deoxyguanosine residue to 
displace the carbamoyl group of the initial mitosene-DNA monoadduct. A cross-linked adduct is also shown.) (b) 
1-Dihydromitosene A is sometimes formed from the cation intermediate in part (a) by loss of a proton and tau- 
tomerization. Propose a detailed mechanism for the formation of 1-dihydromitosene A from the resonance-stabi- 
lized cation of part (a). 


O OCONH, OH OCONH, (a) Write a 
mechanism for 
CH,O protonation and 

\ ring opening. Resonance-stabilized 


cation intermediate 
N NH 


OH 


alkylation by N2 of a 
deoxyguanosine in DNA 


(b) Write a 


N mechanism for 
3 deprotonation 
d 
CH,O 9 DNA taütomerization. 
аний 
S DNA 
A monoadduct of M 
mitomycin with DNA o OCONH, 
second alkylation by N2 CH,O 
of ancther у ° \ H 
deoxyguanosine in 
DNA CH, N H 
N O NH, 
ded 1-Dihydromitosene A 
М2 
2'- Deo проѕе“ 
М О 
s N 
NH HN | y 
CH,O NH SN NU En 
à in 
CH, DNA 
NH, 


A cross-linked adduct of 
DNA with mitomycin 
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25.16 As described in Section 25.5B, acid-base catalysis is believed to be the mechanism by which ribosomes catalyze 
the formation of peptide bonds in the process of protein translation. Key to this proposal is assistance by the N3 
nitrogen (highlighted in the scheme below) of a nearby adenine in the ribosome for the removal of a proton from 
the a-amino group of the amino acid adding to the growing peptide chain (Fig. 25.14). The ability of this adenine 
group to remove the proton is, in turn, apparently facilitated by relay of charge made possible by other nearby groups 
in the ribosome. The constellation of these groups is shown in the scheme. Draw mechanism arrows to show for- 
mation of a resonance contributor wherein the adenine group could carry a formal negative charge, thereby facil- 
itating its removal of the a-amino proton of the amino acid. (The true electronic structure of these groups is not 
accurately represented by any single resonance contributor, of course. A hybrid of the contributing resonance struc- 
tures weighted according to stability would best reflect the true structure.) 


Ribosome 


D 


G2102 (2061) ^Y NH, 


N 
o \ 
g H 
\ > A2486 (2451) 
N A 
G2482 oM Е H^ i | This nitrogen is believed to be involved in proton 
IQ 25 transfers during the peptide bond-forming 


"ad reaction. 


Ribosc/ne а 4 
М— 
7 
Н A2485 (2450) 
EY n 
| 2 


Learning Group Problem 


Research suggests that expression of certain genes is controlled by conversion of some cytosine bases in the genome to 5- 
methylcytosine by an enzyme called DNA methyltransferase. Cytosine methylation may be a means by which some genes 
are turned off as cells differentiate during growth and development. It may also play a role in some cancer processes and in 
defending the genome from foreign DNA such as viral genes. Measuring the level of methylation in DNA is an important 
analytical process. One method for measuring cytosine methylation is known as methylation-specific PCR. This technique 
requires that all unmethylated cytosines in a sample of DNA be converted to uracil by deamination of the C4 amino group 
in the unmethylated cytosines. This is accomplished by treating the DNA with sodium bisulfite (NaHSO3) to form a bisul- 
fite addition product with its unmethylated cytosine residues. The cytosine sulfonates that result are then subjected to hydrol- 
ysis conditions that convert the C4 amino group to a carbonyl group, resulting in uracil sulfonate. Finally, treatment with 
base causes elimination of the sulfonate group to produce uracil. The modified DNA is then amplified by PCR using primers 
designed to distinguish DNA with methylated cytosine from cytosine-to-uracil converted bases. 
Write detailed mechanisms for the reactions used to convert cytosine to uracil by the above sequence of steps. 


Answers to Selected Problems 


Chapter 1 


1.18 (a), (с), (f), (g) are tetrahedral; (e) is trigonal planar; (b) is 
linear; (d) is angular; (h) is trigonal pyramidal. 


1.23 (a) and (d); (b) and (e); and (c) and (f). 


1.31 (а), (g), (1), (0), represent different compounds that are not 
isomeric; (c—e), (h), (j), (m), (n), (0) represent the same compound; 
(6), (f), (K), (p) represent constitutional isomers. 


1.38 (a) The structures differ in the positions of the nuclei. 


1.46 (a) A negative charge; (b) a negative charge; (c) trigonal 
pyramidal. 


Chapter 2 
2.11 (c) Propyl bromide; (d) isopropyl fluoride; (e) phenyl iodide. 


2.14 (a) a a (b) "dns in n 
(e) diisopropyl ether. 


2.25 (a) A oH (b) „у Ons 
© ho SS gH H 
2.29 (a) ketone; (c) 2° alcohol; (e) 2° alcohol. 


2.30 (a) 3 alkene, and a 2° alcohol; (c) phenyl and 1° amine; 
(e) phenyl, ester and 3° amine; (g) alkene and 2 ester groups. 


235(0 A A Br qo 
Ми Jes 


2.54 Ester 


Chapter 3 


3.2 (a), (c), (d), and (f) are Lewis bases; (b) and (e) are Lewis 
acids. 


3.4 (a) [407] = [НСО] = .0042 M; (b) Ionization = 4.2%. 


3.5 (a) pK, = 7; (b) pK, = —0.7; (c) Because the acid with a pK, 
= 5 has a larger K,, it is the stronger acid. 


3.8 The pK, of the methylaminium ion is equal to 10.6 (Section 
3.6B). Because the pK, of the anilinium ion is equal to 4.6, the 
anilinium ion is a stronger acid than the methylaminium ion, and 
aniline (Сена МН2) is a weaker base than methylamine (CH3NH»). 


3.14 (a) CHCleCOsH would be the stronger acid because the elec- 
tron-withdrawing inductive effect of two chlorine atoms would 
make its hydroxyl proton more positive. (c) CH2FCO2H would be 
the stronger acid because a fluorine atom is more electronegative 
than a bromine atom and would be more electron withdrawing. 


3.28 (a) pK, = 3.752; (b) K, = 10715, 


Chapter 4 


4.8 (a) (1,1-dimethylethyl)cyclopentane or tert-butyl-cyclopen- 
tane; (c) butylcyclohexane; (e) 2-chlorocyclopentanol. 


4.9 (a) 2-Chlorobicyclo[1.1.0]butane; (c) bicyclo[2.1.1]hexane; 
(e) 2-methylbicyclo[2.2.2]octane. 


4.10 (a) trans-3-Heptene; (c) 4-ethyl-2-methyl-1-hexene 


4.11 (a) E D мы 
"Yr 
(e) UY “ы 


Br 
(g) (i) Cx 
[ CI 
4.12 1-Hexyne, 2-Hexyne, d F / 
у # 


3-Нехупе, 
(R)-3-Methyl- — (S)-3-Methyl- 


4-Methyl-1-pentyne, 
4-Methyl-2-pentyne 
1-pentyne 1-pentyne 


3,3-Dimethyl-1-butyne 


4.24 (a) 3,3,4-Trimethylhexane; (c) 3,5,7-Trimethylnonane; 
(e) 2-Bromobicyclo[3.3.1]nonane; (g) Cyclobutylcyclopentane. 
4.39 (a) Pentane would boil higher because its chain is 
unbranched. (c) 2-Chloropropane because it is more polar and has 
a higher molecular weight. (e) СНАСОСНз because its molecules 
are more polar. 

4.43 

(a) С(СН,), 


РЕ и 


More stable conformation because 
(b) C(CH), 


both alkyl groups are equatorial 
ere — 


CH, 


——— 
T 


CH, 


More stable because larger group 
is equatorial 


(c) C(CH,), 


(CH,),C 


) 
CH, 
More stable conformation because 
both alkyl groups are equatorial 


(d) CH, 
"HEN 


More stable because larger group 
is equatorial 


— 
— 


C(CH,), 


) 


Chapter 5 

5.1 (a) achiral; (c) chiral; (e) chiral. 

5.2 (a) Yes; (c) no. 

5.3 (a) They are the same. (b) They are enantiomers. 


5.7 The following possess a plane of symmetry and are, therefore, 
achiral: screwdriver, baseball bat, hammer. 


5.11 (a) —Cl > —SH > —OH > —H 
(c) —OH > —CHO > —СН > —H 
(e) —OCH3 > —N(CH3)2 > —CH3 > —H 


5.13 (a) enantiomers; (c) enantiomers. 
5.19 (a) diastereomers; (c) no; (e) no. 
5.21 (a) represents A; (b) represents C; (c) represents B. 


5.23 B (28,35)-2,3-Dibromobutane; С (2R,35)-2,3-Dibromo- 
butane. 


5.39 (a) same; (c) diastereomers; (e) same; (g) diastereomers; 
(i) same; (k) diastereomers; (m) diastereomers; (0) diastereomers; 
(q) same. 


Chapter 6 


6.6 (а) The reaction is $2 and, therefore, occurs with inversion of 
configuration. Consequently, the configuration of (+)-2-chloro- 
butane is opposite [i.e., (S)] to that of (—)-2-butanol [i.e., (R)]. (b) 
The configuration of (—)-2-iodobutane is (R). 


6.14 Protic solvents are formic acid, formamide, ammonia, and 
ethylene glycol. The others are aprotic. 


6.16 (a) СНО; (c) (СНз)зР. 


6.20 (а) 1-Вготоргорапе would react more rapidly, because, 
being a primary halide, it is less hindered. (c) 1-Chlorobutane, 
because the carbon bearing the leaving group is less hindered than 
in 1-chloro-2-methylpropane. (e) 1-Chlorohexane because it is a 
primary halide. Phenyl halides are unreactive in 52 reactions. 


6.21 (a) Reaction (1) because ethoxide ion is a stronger nucle- 
ophile than ethanol; (c) reaction (2) because triphenylphosphine, 
(CgHs)3P, is a stronger nucleophile than triphenylamine. 
(Phosphorus atoms are larger than nitrogen atoms.) 


6.22 (a) Reaction (2) because bromide ion is a better leaving group 
than chloride ion; (c) reaction (2) because the concentration of the 
substrate is twice that of reaction (1). 


Answers to Selected Problems 


6.26 The better yield is obtained by using the secondary halide, 
1-bromo-1-phenylethane, because the desired reaction is E2. Using 
the primary halide will result in substantial 542 reaction as well, 
producing the alcohol instead of the desired alkene. 


6.38 (a) You should use a strong base, such as НО“, at a higher 
temperature to bring about an E2 reaction. (b) Here we want an 
51 reaction. We use ethanol as the solvent and as the nucleophile, 
and we carry out the reaction at a low temperature so that elimina- 
tion is minimized. 


Chapter 7 


7.4 (a) 2,3-Dimethyl-2-butene would be the more stable because 
the double bond is tetrasubstituted. (c) cis-3-Hexene would be 
more stable because its double bond is disubstituted. 


7.7 (a) Br 
KOEt 
EtOH 
heat 
bd i du 
(trisubstituted, (monosubstituted, 


more stable) less stable) 


Major product Minor product 


7.25 (a) We designate the position of the double bond by using the 
lower of the two numbers of the doubly bonded carbon atoms, and 
the chain is numbered from the end nearer the double bond. The 
correct name is trans-2-pentene. (c) We use the lower number of 
the two doubly bonded carbon atoms to designate the position of 
the double bond. The correct name is 1-methylcyclohexene. 


7.26 (a) (c) 
== Г 
(e) NAN (g) У 
H,C H 


7.28 (a) (E)-3,5-Dimethyl-2-hexene; (c) 6-methyl-3-heptyne; (е) 
(3Z,5R)-5-chloro-3-hepten-6-yne. 


7.43 Only the deuterium atom can assume the anti coplanar orien- 
tation necessary for an E2 reaction to occur. 


Chapter 8 
8.1 2-Bromo-1-iodopropane. 


8.7 The order reflects the relative ease with which these alkenes 
accept a proton and form a carbocation. 2-Methylpropene reacts 


Answers to Selected Problems 


fastest because it leads to a 3? cation; ethene reacts slowest because 
it leads to a 1? cation. 


8.25 By converting the 3-hexyne to cis-3-hexene using НМВ 


(P-2). 
Н, n 
> 
NiB (P-2) | ( 


н н 


Then, addition of bromine to cis-3-hexene will yield (3R,4R), and 
(38,45)-3,4-dibromohexane as a racemic form. 


Вг, Вг Вг, Вг 
——. Br, 
ao ani? Hh "— + eH 
H H H 


addition H 


(ЗА, 4R) (3S, 4S) 
$$ amalla 
Racemic 3,4-dibromohexane 


(b) М) (e) OH 


8.29 (a) Br ©) Br Br (9 ^.^ 
Eod 
Br 
8.33 H,SO,, H,O 
(a) 
Su 
OH 


(c) нв Ax 
РЕ (по peroxides) 


Chapter 9 

9.4 (a) One; (b) two; (с) two; (d) one; (e) two; (f) two. 

9.8 A doublet (3H) downfield; a quartet (1H) upfield. 

9.9 A, CH3CHICH3; B, СНАСНСЊ; C, CHa2CICHaCH2CI 
9.40 Phenylacetylene. 

9.26 G, Br 


Se 


H. pr 
Br 
9.24 О is bicyclo[2.2.1]hepta-2,5-diene. 
R is bicyclo[2.2.1 ]heptane. 


Chapter 10 


10.1 (a) AH? = —545 kJ тог" !; (c) AH? = —101 kJ тог !; 
(е) AH? = +53 kJ тог" !; (g) AH? = —132 kJ тог |. 


10.2 
o * 


мо 
3° 2° 
> pu > CH3 
1° Methyl 


10.14 (a) Cyclopentane; (b) 2,2-dimethylpropane. 
10.15 (a) 


H ан с 


(2S,4S)-2,4-Dichloro- 
pentane 


(2R,4S)-2,4-Dichloro- 
pentane 


(c) Мо, (2R,45)-2,4-dichloropentane is achiral because it is а 
meso compound. (It has a plane of symmetry passing through 
C3.) 


(e) Yes, by fractional distillation or by gas—liquid chromatogra- 
phy. (Diastereomers have different physical properties. Therefore, 
the two isomers would have different vapor pressures.) 


10.16 (a) The only fractions that would contain chiral molecules 
(as enantiomers) would be those containing 1-chloro-2-methylbut- 
ane and the two diastereomers of 2-chloro-3-methylbutane. These 
fractions would not show optical activity, however, because they 
would contain racemic forms of the enantiomers. 


(b) Yes, the fractions containing 1-chloro-2-methylbutane and the 
two containing the 2-chloro-3-methylbutane diastereomers. 


A-4 Answers to Selected Problems 


MgBr 
Chapter 11 О or 
PCC 
So H 


11.3 ub d (b) "T (D OH Non CHC, 


OH AN 
om OH 


11.10 Use an alcohol containing labeled oxygen. If all of the 


labeled oxygen appears in the sulfonate ester, then it can be con- н.о“ 
cluded that the alcohol C—O bond does not break during the H,O 
reaction. 


11.25 (a) 3,3-Dimethyl-1-butanol; (c) 2-methyl-1,4-butanediol; 
(e) I-methyl-2-cyclopenten-1-ol. 


1126 у М он (c) OH 
O MgBr 
|“ m 
OIO С 
OMgBr 
OH H 
_2 CeHsMgBr 
S Д ^ ehe ^ (^ (^ 
(e) OH 
Cl OMgBr OH 


11.33 (a) СНзВг + “в; 


(с) L 
Ре с) CeHs 


Chapter 12 is 
9) CH,CH, + 
12.3 (a) LiAIH4; (c) NaBH4 


124 (а) 7 .. 
NHCrO,Cl-(PCC)/CH,Cl, 


= ) CH CH, T MaBr 
(c) HaCrO4/acetone (h) > g 


12.10 (a) CH3CHs; (b) CH3CH2D; 


Answers to Selected Problems 


12.11 OH 
(a) 
OH 
(b) 
(e) -~P 
1234 о 
_(1) 2 CH,Mgl 
eae (2) NH,’ Де 
Сћартег 13 
13.2 (а) И 2 
Pi c Ja aT 
(с) CI 


Ра o s Cl and pw (racemic) 


13.6 (b) 1,4-Cyclohexadiene and 1,4-pentadiene are isolated 
dienes. 


13.15 (a) 1,4-Dibromobutane + t-BUuOK, and heat; 
(g) HCzsCCH-—CHs5 T Ho, NiB (P-2). 


13.19 (a) 1-Вшепе + N-bromosuccinimide, then t-BUOK and 
heat; (e) cyclopentane + Bro, hv, then t-BuOK and heat, then N- 
bromosuccinimide. 


13.42 The endo adduct is less stable than the exo, but is produced 
at a faster rate at 25?C. At 90?C the Diels-Alder reaction becomes 
reversible; an equilibrium is established, and the more stable exo 
adduct predominates. 


Chapter 14 


14.1 (a) 4-Bromobenzoic acid (or p-bromobenzoic acid) 
(b) 2-Benzyl-1.3-cyclohexadiene 
(c) (2-chloro-2-pentyl) benzene 
(d) Phenyl propyl ether 


14.7 (a) Br 
Br 
(b) Br 
heat = 
—HBr^? + Br 
Br Tropylium bromide 


These results suggest that the bonding in tropylium bromide is 
ionic; that is, it consists of a positive tropylium ion and a negative 
bromide ion. 


14.9 The cyclopropenyl cation. 


14.15 A, o-bromotoluene; B, p-bromotoluene; C, m-bromo- 


toluene; D, benzyl bromide. 


14.23 Hückel's rule should apply to both pentalene and heptalene. 
Pentalene's antiaromaticity can be attributed to its having 8 7 elec- 
trons. Heptalene's lack of aromaticity can be attributed to its hav- 
ing 12 7 electrons. Neither 8 nor 12 is a Hückel number. 


14.25 The bridging — CH2— group causes the 10 т electron ring 
system (below) to become planar. This allows the ring to become 
aromatic. 


14.28 (a) The cycloheptatrienyl anion has 8 7 electrons, and does 
not obey Hückel's rule; the cyclononatetraenyl anion with 10 7 
electrons obeys Hiickel’s rule. 


14.27 A, B, мн, © 


14.33 F, 


Chapter 15 


15.6 If the methyl group had no directive effect on the incoming 
electrophile, we would expect to obtain the products in purely sta- 
tistical amounts. Since there are two ortho hydrogen atoms, two 
meta hydrogen atoms, and one para hydrogen, we would expect to 
get 40% ortho (2/5), 40% meta (2/5), and 20% para (1/5). Thus, we 
would expect that only 60% of the mixture of mononitrotoluenes 
would have the nitro group in the ortho or para position. And, we 
would expect to obtain 40% of m-nitrotoluene. In actuality, we get 
96% of combined o- and p-nitrotoluene and only 4% m-nitro- 
toluene. This result shows the ortho-para directive effect of the 
methyl group. 


15.9 (b) Structures such as the following compete with the ben- 
zene ring for the oxygen electrons, making them less available to 


the benzene ring. 
"Ot Ter 
ФИН 
ok +A 
) à 
H H 


(d) Structures such as the following compete with the benzene 
ring for the nitrogen electrons, making them less available to the 


benzene ring. 
"Oz :б E 
^ m 
H H 


A-6 


15.33 (a) Cl 
(c) onm 
(e) OH 
(g) О 


Сћартег 16 
16.2 (а) 1-Pentanol; (c) pentanal; (e) benzyl alcohol. 
16.6 A hydride ion. 


16.17 (b) CH3CH2Br + (CgHs)3P, then strong base, then 
CgH5COCHs; (d) CH3l + (CgHs)3P, then strong base, then 
cyclopentanone; (f) CH2—CHCHeBr + (CgHs)3P, then strong 
base, then С6Н5СНО. 


16.20 (a) CH3CH2CH2OH; (c) CH3CH2CH2OH 
(h) CHSCH2CH—CHCH;; (j) CHSCH2CO2 МНЦ? + Agl 
(1) CHXCH;2CH—NNHCONH;; (n) CH3CH2CO; ^ 


16.46 X is o 


16.47 Y is 1-phenyl-2-butanone; Z is 4-phenyl-2-butanone. 


Chapter 17 
17.3 (a) СЊЕСОН; (с) CH3CICOsH; (e) CH3CH2CHFCOsH; 


(c) 
om усон 


Answers to Selected Problems 


17.6 (а) CgHsCHeBr + Mg in diethyl ether, then СО», then 
Н407; (c) СНо=СНСН,Вг + Mg in diethyl ether, then СО», 
then H30*. 


17.7 (a), (c), and (e). 
17.9 In the carboxyl of benzoic acid. 
17.14 (a) (СНз) ССОН + SOCI», then NH3, then P4O4o, heat; 


"А 


17122() о 


бо (2) о 
PT Prone 
(hy) о 
H3C 
_CH ^ - 
ад ма 
H 
i) o 
Hy Bye or 
| нс“ `H 
CH3 
Q) Юю o O 
Pie EUM 
бо Ге! 


17.46 (a) Diethyl succinate; (c) ethyl phenylacetate; (e) ethyl 
chloroacetate. 


17.47 X is diethyl malonate. 


Chapter 18 


18.1 The enol form is phenol. It is especially stable because it is 
aromatic. 


Answers to Selected Problems 


18.2 No. does not have a hydrogen 


attached to its a-carbon atom (which is a chirality center) and thus 
enol formation involving the chirality center is not possible. With 


О 


the chirality center is a В carbon and 


thus enol formation does not affect it. 


18.5 Base is consumed as the reaction takes place. A catalyst, by 
definition, is not consumed. 


18.8 (a) Reactivity is the same as with any Sy2 reaction. With pri- 
mary halides substitution is highly favored, with secondary halides 
elimination competes with substitution, and with tertiary halides 
elimination is the exclusive course of the reaction. (b) Acetoacetic 
ester and 2-methylpropene. (c) Bromobenzene is unreactive toward 
nucleophilic substitution. 


18.10 Working backward 


O О о 
heat (1) OH , H,O, heat 
Сен “to; OH доње 
[9] О 
CeHs 
O O 
O O 


OEt (я) “ona AA 
U^ “ома — 
О o OEt 
(2) T 2 


18.17 In a polar solvent, such as water, the keto form is stabi- 
lized by solvation. When the interaction with the solvent becomes 
minimal, the enol form achieves stability by internal hydrogen 
bonding. 


CeHs 


18.25 (b) D is racemic trans-1,2-cyclopentanedicarboxylic acid, E 
is cis-1,2-cyclopentanedicarboxylic acid, a meso compound. 
Chapter 19 

19.3 (a) о О 


OEt 


(b) To undergo a Dieckmann condensation, diethyl 1,5-pentane- 
dioatc would have to form a highly strained four-membered ring. 


19.5 (a) ге! О 


OEt 
EtO 


19.11 
OH pcc 
CH,Cl, 
О 
о 
TE 9 
——— 
OH 
C41H140 
о 
S H, 
Pd-C 
C14H180 О 
H 
Lily aldehyde (C14H290) 
19.17 


О H 
| 
(a) 0 (b) 1) or o o 
1 О 


Notice that starting compounds are drawn so as to indicate which 
atoms are involved in the cyclization reaction. 
19.19 


(a) 


О Сен O^ 
CeHs a CeHs 
он“ |^ 
о сњо 
CeHs CeHs 


om LUE (0) 
/2 m 
CcHs CeHs C6H5 C6H5 


19.50 (a) CH2—C(CH3)CO5CH;; (b) KMnO,, ОН“; H307; (c) 
CH3OH, HA; (d) CH3ONa, then H3O* 


()and() ^ CO2CH3 


4 .COSCHs 
О 


and 


CO2CH3 


O 
CH302C 
(g) ОН“, H2O, then H3O*; (h) heat (C СО»); (i) CH3OH, НА; 
0 сосн: 


CHCO;CHs 


(k) Ho, Pt; (m) CH3ONa, then H30*; (n) 2 NaNHs + 2 CHsl 


Chapter 20 
20.5 (a) CHg(CH;)3CHO + NH3 —2- 5 CHS(CH;)4CH9NH» 


(€) CHg(CH»)4CHO + CgHsNHp BEEN, 
CH3(CH>)4CH»NHCgHs 


20.6 The reaction of a secondary halide with ammonia is almost 
always accompanied by some elimination. 


20.7 (a) Methoxybenzene + НМОз + Н280,, then Fe + HCI; 
(b) Methoxybenzene + CH3COCI + АІСІз, then NH3 + Ho + 
Ni; (c) toluene + СІ» and light, then (CH3)3N; (d) p-nitrotoluene 
+ KMnO; + ОН“, then H3O*, then SOCI followed by NH3, 
then NaOBr (Bro in NaOH); (e) toluene + N-bromosuccinimide 
in ССЦ, then KCN, then LiAIH4. 


20.12 p-Nitroaniline + Вг + Fe, followed by H2SO4/NaNOs 
followed by CuBr, then Ho/Pt, then H2SO4/NaNO^» followed by 
H3PO»s. 


20.45 W is N-benzyl-N-ethylaniline. 


Answers to Selected Problems 


Chapter 21 


21.1 The electron-releasing group (i.e., — СНз) changes the charge 
distribution in the molecule so as to make the hydroxyl oxygen less 
positive, causing the proton to be held more strongly; it also destabi- 
lizes the phenoxide anion by intensifying its negative charge. These 
effects make the substituted phenol less acidic than phenol itself. 


OH (од 


+ HO = + H30* 


8* 


CH3 CH3 


Electron-releasing — 
CH; destabilizes the 
anion more than the 
acid. pKa is larger than 
for phenol. 


21.4 (a) The para-sulfonated phenol. (b) For ortho sulfonation. 


219 (а) OCH,CH, (b) 
NO, 


NH, 
NO, 


NO, NO, 

21.10 That o-chlorotoluene leads to the formation of two products 
(o-cresol and m-cresol), when submitted to the conditions used in 
the Dow process, suggests that an elimination-addition mechanism 
takes place. 


21.11 2-Bromo-1,3-dimethylbenzene, because it has no o-hydro- 
gen atom, cannot undergo an elimination. Its lack of reactivity 
toward sodium amide in liquid ammonia suggests that those com- 
pounds (e.g., bromobenzene) that do react, react by a mechanism 
that begins with an elimination. 


21.14 (a) 4-Fluorophenol because a fluorine substituent is more 
electron withdrawing than a methyl group. (e) 4-Fluorophenol 
because fluorine is more electronegative than bromine. 


21.16 (a) 4-Chlorophenol will dissolve in aqueous NaOH; 4- 
chloro-1-methylbenzene will not. (c) Phenyl vinyl ether will react 
with bromine in carbon tetrachloride by addition (thus decolorizing 
the solution); ethyl phenyl ether will not. (e) 4-Ethylphenol will 
dissolve in aqueous NaOH; ethyl phenyl ether will not. 


Chapter 22 
22.1 (a) Two; (b) two; (c) four. 
22.5 Acid catalyzes hydrolysis of the glycosidic (acetal) group. 


22.9 (a) 2 CH3CHO, one molar equivalent HlO4; (b) HCHO + 
HCOsH + CH3CHO, two molar equivalents НІОд; 

(c) HCHO + OHCCH(OCH]3)», one molar equivalent HIO;; 
(d) HCHO + HCO:H + CH3COsH, two molar equivalents 
HIO4; (e) 2 CH3CO2H + НСО»Н, two molar equivalents HlO4 


22.18 p-(4-)-Glucose. 


22.23 One anomeric form of D-mannose is dextrorotatory ([o]p = 
+ 29.3), the other is levorotatory ([a]p = — 17.0). 


Answers to Selected Problems 


22.24 The microorganism selectively oxidizes the — CHOH 
group of p-glucitol that corresponds to C5 of p-glucose. 


22.27 Ais D-altrose; B is p-talose, C is D-galactose 


Chapter 23 


23.5 Bro in CCl4 would react with geraniol (discharging the 
bromine color) but would not react with menthol. 


23.12 (a) СН5ОН, HA, heat; or SOCI, then CoH5OH; 
(d) SOCI», then (CH3)2NH; (g) SOCI», then LIAIH[OC(CH3)3]3 


23.15 Elaidic acid is trans-9-octadecenoic acid. 
23.19 A is CH3(CHs);C=CNa 
B is CH4(CH2)&C £5 CCH2(CH5);CH5CI 
С is CH3(CHs)s5C=CCH2(CH2)7CH2CN 
E is CH3(CH2)sC==CCH2(CH2)7CH2CO2H 
Vaccenic acid is 


CH4(CH;); ,/CH9, COH 


N 
C=C 

7 N 

H H 


23.20 F is FCH2(CH;)gCH2C CH 
С is ЕСНСН СНС C(CH3);CI 
Н is FCH2(CHz);CH2C— C(CH2);CN 
I is FCHo(CH5);C —C(CH2);CO;H 


Chapter 24 


24.5 The labeled amino acid no longer has a basic — NH» group; 
it is, therefore, insoluble in aqueous acid. 


24.8 Glutathione is 


HS 
O H О 
+ | 
Нам м Д. 
| = 
CO; H O 


24.22 Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
24.23 Val-Leu-Lys-Phe-Ala-Glu-Ala 


Chapter 25 


25.2 (a) The nucleosides have an N-glycosidic linkage that (like 
an O-glycosidic linkage) is rapidly hydrolyzed by aqueous acid, 
but one that is stable in aqueous base. 

25.4 (a) The isopropylidene group is part of a cyclic acetal. (b) By 
treating the nucleoside with acetone and a trace of acid. 


25.7 (b) Thymine would pair with adenine, and, therefore, ade- 
nine would be introduced into the complementary strand where 
guanine should occur. 


25.9 


H 
yee Е Rees SA SEVER AA N 
S 
/ 
f. N—H----------- :N N N 
N N—N 
/ © 
Uracil Adenine 
(in mRNA) (in DNA) 


25.10 (a) ACCiCCC | AAA! AUG! ОСС! mRNA 
(>) TIPI кім 


| S | Amino acids 
(c) UGCiGGC | UUU!UAC!AGC! Anticodons 


A 


Absolute configuration (Section 5.15A): The actual arrangement 
of groups in a molecule. The absolute configuration of a molecule 
can be determined by X-ray analysis or by relating the configura- 
tion of a molecule, using reactions of known stereochemistry, to 
another molecule whose absolute configuration is known. 


Absorption spectrum (Section 13.9B): A plot of the wavelength 
(A) of a region of the spectrum versus the absorbance (A) at each 
wavelength. The absorbance at a particular wavelength (Ал) is 
defined by the equation А, = log(Ip/Is), where Jp is the intensity of 
the reference beam and Js is the intensity of the sample beam. 


Acetal (Section 16.7B): A functional group, consisting of a carbon 
bonded to alkoxy groups [ie., RCH(OR’)s or ReC(OR’)sl, 
derived by adding 2 molar equivalents of an alcohol to an aldehyde 
or ketone. An acetal synthesized from a ketone is sometimes called 
a ketal. 


Acetoacetic ester synthesis (Section 18.6): A sequence of reac- 
tions involving removal of the a-hydrogen of ethyl 3-oxobutanoate 
(ethyl acetoacetate, also called “acetoacetic ester"), creating a 
resonance-stabilized anion which then can serve as a nucleophile 
in an $42 reaction. The a-carbon can be substituted twice; the ester 
functionality can be converted into a carboxylic acid which, after 
decarboxylation, yields a substituted ketone. 


Acetonide (Section 22.5E): A cyclic acetal formed from acetone. 
Acetylene (Sections 1.14, 7.1, and 7.11): A common name for 
ethyne. 


Acetylenic hydrogen atom (Sections 3.15, 4.6, and 7.9): A hydro- 
gen atom attached to a carbon atom that is bonded to another 
carbon atom by a triple bond. 


Achiral molecule (Section 5.3): A molecule that is superposable 
on its mirror image. Achiral molecules lack handedness and are 
incapable of existing as a pair of enantiomers. 

Acid strength (Section 3.6): The strength of an acid is related to 
its acidity constant, K, or to its pK,. The larger the value of its K, 
or the smaller the value of its pK, the stronger is the acid. 
Acidity constant, K, (Section 3.6A): An equilibrium constant 
related to the strength of an acid. For the reaction, 


HA + HO = H,O" + A- 


_ [HO IA] 
[HA] 


K, 


Activating group (Sections 15.10, 15.10D, and 15.11A): A group 
that when present on a benzene ring causes the ring to be more 
reactive in electrophilic substitution than benzene itself. 


Activation energy, E44 (See Energy of activation and Section 
10.5B) 


Active hydrogen compounds (Section 18.8): Compounds in 
which two electron-withdrawing groups are attached to the same 
carbon atom (a methylene or methane carbon). The electron-with- 
drawing groups enhance the acidity of the hydrogens on carbon; 
these hydrogens are easily removed, creating a resonance-stabi- 
lized nucleophilic anion. 


Active site (Section 24.9): The location in an enzyme where a sub- 
strate binds. 


Acyl compounds (Section 17.1): A compound containing the 
group (R—C —O)-— usually derived from a carboxylic acid, such 
as an ester, acid halide (acyl halide), amide, or carboxylic acid 
anhydride. 


Acyl group (Section 15.7): The general name for groups with the 
structure RCO— or ArCO—. 


Acyl halide (Section 15.7): Also called an acid halide. A general 
name for compounds with the structure RCOX or ArCOX. 


Acyl transfer reactions (Section 17.4): A reaction in which a new 
acyl compound is formed by a nucleophilic addition-elimination 
reaction at a carbonyl carbon bearing a leaving group. 


Acylation (Section 15.7): The introduction of an acyl group into a 
molecule. 


Acylium ion (Sections 9.16C and 15.7): The resonance-stabilized 
cation: 


R—C=0: <> R—C=O: 


Addition polymer (Section 10.10 and Special Topic A): A poly- 
mer that results from a stepwise addition of monomers to a chain 
(usually through a chain reaction) with no loss of other atoms or 
molecules in the process. Also called a chain-growth polymer. 


Addition reaction (Sections 3.1, 8.1—8.9, 8.12, 8.13, 12.1A, 16.6, 
and 17.4): A reaction that results in an increase in the number of 
groups attached to a pair of atoms joined by a double or triple 
bond. An addition reaction is the opposite of an elimination 
reaction. 


Adduct (Section 13.11): The product formed by a Diels-Alder 
[4+2] cycloaddition reaction, so called because two compounds 
(a diene and a dienophile) are added together to form the 
product. 

Aglycone (Section 22.4): The alcohol obtained by hydrolysis of a 
glycoside. 

Aldaric acid (Section 22.6C): An a,w-dicarboxylic acid that 
results from oxidation of the aldehyde group and the terminal 1? 
alcohol group of an aldose. 

Alditol (Section 22.7): The alcohol that results from the reduction 
of the aldehyde or keto group of an aldose or ketose. 

Aldol (Section 19.4): A common name for 3-hydoxybutanal, 
which contains both aldehyde and an alcohol functional groups. 
Aldol is formed from the aldol reaction (see below) of ethanal 
(acetaldehyde) with itself. 

Aldol additions (Section 19.4): See Aldol reaction and aldol 
condensation. 

Aldol condensation (Section 19.1, Section 19.4C): An aldol 
reaction that forms an a. 9-unsaturated product by dehydration of 
the B-hydroxy aldehyde or ketone aldol product. 

Aldol reactions (Sections 19.4—19.6): Reactions in which the enol 
or enolate ion of an aldehyde or ketone reacts with the carbonyl 
group of the same or a different aldehyde or ketone, creating a B- 
hydroxy aldehyde or ketone and a new carbon-carbon o-bond. 


GI-1 


GI-2 
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Aldonic acid (Section 22.6B): A monocarboxylic acid that results 
from oxidation of the aldehyde group of an aldose. 


Aliphatic compound (Section 14.1): A nonaromatic compound 
such as an alkane, cycloalkane, alkene, or alkyne. 


Alkaloid (Special Topic E): A naturally occurring basic compound 
that contains an amino group. Most alkaloids have profound 
physiological effects. 


Alkanes (Sections 2.2, 4.1—4.3, 4.7, and 4.16): Hydrocarbons 
having only single (о) bonds between carbon atoms. Acyclic alka- 
nes have the general formula СаНљр 2. Monocyclic alkanes have 
the general formula of C,Hon. Alkanes are said to be "saturated" 
because C—C single bonds cannot react to add hydrogen to the 
molecule. 


Alkanide (Section 7.8A): An alkyl anion, В: , or alkyl species 
that reacts as though it were an alkyl anion. 


Alkenes (Sections 2.2, 4.1, and 4.5): Hydrocarbons having at least 
one double bond between carbon atoms. Acyclic alkenes have the 
general formula C,Hon. Monocyclic alkenes have the general for- 
mula of СъНоһ-2. Alkenes are said to be “unsaturated” because 
their C=C double bonds can react to add hydrogen to the mole- 
cule, yielding an alkane. 


Alkyl group (See R): (Sections 2.5A and 4.3A) The designation 
given to a fragment of a molecule hypothetically derived from 
an alkane by removing a hydrogen atom. Alkyl group names end 
in “yl.” Example: the methyl group, CH3—, is derived from 
methane, CH4. 


Alkylation (Sections 7.12, 15.6, and 18.4C): The introduction of 
an alkyl group into a molecule. 


Alkynes (Sections 2.2, 4.1, and 4.6): Hydrocarbons having at least 
one triple bond between carbon atoms. Acyclic alkynes have the 
general formula С.Н. Monocyclic alkynes have the general 
formula of СаН2р—4. Alkynes are said to be “unsaturated” because 
C=C triple bonds can react to add two molecules of hydrogen to 
the molecule, yielding an alkane. 


Allyl group (Section 4.5): The CHa— СНСН— group. 


Allyl (propenyl cation): (Section 13.4) The carbocation formally 
related to propene by removal of a proton from its methyl group. 
The two contributing resonance structures of the delocalized car- 
bocation each include a positive charge on a carbon adjacent to the 
double bond, such that a p orbital on each of the three carbons 
overlaps to delocalize positive charge to each end of the allyl 
system. 


Allyl radical (Sections 13.2A and 13.3): The radical formally 
related to propene by removal of a hydrogen atom from its methyl 
group. The two contributing resonance structures of the delocal- 
ized radical each include an unpaired electron on a carbon adjacent 
to the double bond, such that a p orbital on each of the three 
carbons overlaps to delocalize the radical to each end of the allyl 
system. in which the radical carbon is adjacent to a carbon-carbon 
double bond. 


Allylic carbocation (Sections 13.4, 13.10, and 15.15): A substruc- 
ture involving a three-carbon delocalized carbocation in which the 
positively charged carbon is adjacent to a carbon-carbon double 
bond in each of two contributing resonance structures. 


Allylic substituent (Section 13.2): Refers to a substituent on a car- 
bon atom adjacent to a carbon-carbon double bond. 


Alpha (o) anomer (Section 22.2C): In the standard Haworth for- 
mula representation for a D-hexopyranose, the œ anomer has the 
hemiacetal hydroxyl or acetal alkoxyl group trans to C6. Similar 
usage applies to other carbohydrate forms regarding the stereo- 
chemical relationship of the anomeric hydroxyl or alkoxyl group 
and the configuration at the carbon bearing the ring oxygen that 
forms the hemiacetal or acetal. 


Alpha (o) carbon (Section 18.1): A carbon adjacent to a carbonyl 
(C=O) group. 

Alpha (o) helix (Section 24.8A): A secondary structure in proteins 
where the polypeptide chain is coiled in a right-handed helix. 


Alpha (o) hydrogens (Sections 18.1, 18.5C, 18.5D): A hydrogen 
atom bonded to an о carbon. These hydrogens are significantly 
more acidic than the typical alkane hydrogen. 


Aminium salt (Section 20.3D): The product of the reaction of an 
amine, acting as a Bronsted-Lowry base, with an acid. The amine 
can be primary, secondary, or tertiary. The positively charged nitro- 
gen in an aminium salt is attached to at least one hydrogen atom. 
(An ammonium salt has no hydrogen atoms bonded directly to the 
nitrogen.) 


Amino acid residue (Section 24.4): An amino acid that is part of 
a peptide. 

Angle strain (Section 4.10): The increased potential energy of a 
molecule (usually a cyclic one) caused by deformation of a bond 
angle away from its lowest energy value. 


Annulene (Section 14.7B): Monocyclic hydrocarbon that can be 
represented by a structure having alternating single and double 
bonds. The ring size of an annulene is represented by a number in 
brackets, e.g., benzene is [6]annulene and cyclooctatetraene is 
[8]annulene. 


Anomeric carbon (Section 22.2E): The hemiacetal or acetal 
carbon in the cyclic form of a carbohydrate. The anomeric 
carbon can have either the a or B stereochemical configuration 
(using carbohydrate nomenclature), resulting in diastereomeric 
forms of the carbohydrate called anomers (o-anomers and 
В-апотегѕ). Anomers differ only in the stereochemistry at the 
anomeric carbon. 


Anomers (Section 22.2C): A term used in carbohydrate chemistry. 
Anomers are diastereomers that differ only in configuration at the 
acetal or hemiacetal carbon of a sugar in its cyclic form. 


Anti addition (Sections 7.14A, 7.15B, and 8.13): An addition that 
places the parts of the adding reagent on opposite faces of the 
reactant. 

Anti conformation (Section 4.9): An anti conformation of butane, 
for example, has the methyl groups at an angle of 180? to each 
other: 


CH3 


CH3 


Anti 
conformation 
of butane 


Antiaromatic compound (Section 14.7E): A cyclic conjugated 
system whose 7r electron energy is greater than that of the corre- 
sponding open-chain compound. 


Antibonding molecular orbital (antibonding MO) (Sections 1.11, 
1.13, and 1.15): A molecular orbital whose energy is higher than 
that of the isolated atomic orbitals from which it is constructed. 
Electrons in an antibonding molecular orbital destabilize the bond 
between the atoms that the orbital encompasses. 


Anticodon (Section 25.5C): A sequence of three bases on transfer 
RNA (tRNA) that associates with a codon of messenger RNA 
(mRNA). 


anti-Markovnikov addition (Sections 8.2D, 8.7, 8.19, and 10.9): 
An addition reaction where the hydrogen atom of a reagent 
becomes bonded to an alkene or alkyne at the carbon having the 
fewer hydrogen atoms initially. This orientation is the opposite of 
that predicted by Markovnikov's rule. 


Aprotic solvent (Section 6.13C): A solvent whose molecules do 
not have a hydrogen atom attached to a strongly electronegative 
element (such as oxygen). For most purposes, this means that an 
aprotic solvent is one whose molecules lack an —OH group. 


Arenium ion (Section 15.2): A general name for the cyclohexadi- 
enyl carbocations that form as intermediates in electrophilic aro- 
matic substitution reactions. 


Aromatic compound (Sections 2.1, 2.1D, 14.1–14.8, and 14.11): 
A cyclic conjugated unsaturated molecule or ion that is stabilized 
by 7 electron delocalization. Aromatic compounds are character- 
ized by having large resonance energies, by reacting by substitu- 
tion rather than addition, and by deshielding of protons exterior to 
the ring in their 1H NMR spectra caused by the presence of an 
induced ring current. 


Aromatic ions (Section 14.7D): Cations and anions that fulfill the 
criteria for aromaticity (planarity, electron delocalization, and a 
Ниске] number of zr-electrons) and thus have additional (aromat- 
ic) stability. 

Aryl amines (Section 20.1A): A compound in which the carbon of 
an aromatic ring bears the amine nitrogen atom. Aryl amines can 
be primary, secondary, or tertiary. 


Aryl group (Section 6.1): The general name for a group obtained 
(on paper) by the removal of a hydrogen from a ring position of an 
aromatic hydrocarbon. Abbreviated Ar—. 


Aryl halide (Section 6.1): An organic halide in which the halogen 
atom is attached to an aromatic ring, such as a benzene ring. 


Atactic polymer (Special Topic B.1): A polymer in which the con- 
figuration at the stereogenic centers along the chain is random. 


Atomic orbital (AO) (Sections 1.10, 1.11, and 1.15): A volume of 
space about the nucleus of an atom where there is a high probabil- 
ity of finding an electron. An atomic orbital can be described math- 
ematically by its wave function. Atomic orbitals have characteris- 
tic quantum numbers; the principal quantum number, n, is related 
to the energy of the electron in an atomic orbital and can have the 
values 1, 2, 3,.... The azimuthal quantum number, l, determines 
the angular momentum of the electron that results from its motion 
around the nucleus, and can have the values 0, 1, 2, ..., (n — 1). 
The magnetic quantum number, m, determines the orientation in 
space of the angular momentum and can have values from +/ to 
—l. The spin quantum number, s, specifies the intrinsic angular 
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momentum of an electron and can have the values of +, and —!/, 
only. 


Atropisomers (Section 5.18): Conformational isomers that are sta- 
ble, isolable compounds. 


Aufbau principle (Section 1.10A): A principle that guides us in 
assigning electrons to orbitals of an atom or molecule in its lowest 
energy state or ground state. The aufbau principle states that elec- 
trons are added so that orbitals of lowest energy are filled first. 


Autoxidation (Section 10.11D): The reaction of an organic com- 
pound with oxygen to form a hydroperoxide. 


Axial bond (Section 4.12): The six bonds of a cyclohexane ring 
(below) that are perpendicular to the general plane of the ring, and 
that alternate up and down around the ring. 


B 


Base peak (Section 9.13): The most intense peak in a mass spec- 
trum. 


Base strength (Sections 3.6C and 20.3): The strength of a base is 
inversely related to the strength of its conjugate acid; the weaker 
the conjugate acid, the stronger is the base. In other words, if the 
conjugate acid has a large pK,, the base will be strong. 


Benzene (Section 2.2D): The prototypical aromatic compound 
having the formula CgHg. Aromatic compounds are planar, cyclic, 
and contain 4n + 2 т electrons delocalized in contiguous fashion 
about a ring of electron density in the molecule. Electron delocal- 
ization gives aromatic compounds a high degree of stability. 


Benzenoid aromatic compound (Section 14.8A): An aromatic 
compound whose molecules have one or more benzene rings. 


Benzyl group (Section 2.4B): The CgH5CHe— group. 


Benzylic cation (Section 15.12A): A carbocation where the posi- 
tive charge is on a carbon bonded to a benzene ring. The positive 
charge is delocalized into the benzene ring through conjugation, 
resulting in a relatively stable carbocation. 


Benzylic radical (Section 15.12): The radical comprised of a 
methylene (CH2) group bonded to a benzene ring, wherein the 
unpaired electron is delocalized over the methylene group and the 
ring. As a highly conjugated system, the benzylic radical has great- 
ly enhanced stability. 


Benzylic substituent (Sections 15.15): Refers to a substituent on a 
carbon atom adjacent to a benzene ring. 


Benzyne (Section 21.11B): An unstable, highly reactive interme- 
diate consisting of a benzene ring with an additional bond resulting 
from sideways overlap of sp? orbitals on adjacent atoms of the ring. 


Beta (8) anomer (Section 22.2C): In the standard Haworth for- 
mula representation for a D-hexopyranose, the 8 anomer has the 
hemiacetal hydroxyl or acetal alkoxyl group cis to C6. Similar 
usage applies to other carbohydrate forms regarding the stereo- 
chemical relationship of the anomeric hydroxyl or alkoxyl group 
and the configuration at the carbon bearing the ring oxygen that 
forms the hemiacetal or acetal. 
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Beta (8)-carbonyl compound (Section 18.4C): A compound hav- 
ing two carbonyl groups separated by an intervening carbon atom. 


Bicyclic compounds (Sections 4.4B and 4.14): Compounds with 
two fused or bridged rings. 


Bimolecular reaction (Section 6.5): A reaction whose rate- 
determining step involves two initially separate species. 


Boat conformation (Section 4.11): A conformation of cyclohex- 
ane that resembles a boat and that has eclipsed bonds along its two 


sides: 


It is of higher energy than the chair conformation. 


Boiling point (Sections 2.14A and 2.14D): The temperature at 
which the vapor pressure of a liquid is equal to the pressure above 
the surface of the liquid. 


Bond angle (Section 1.12): The angle between two bonds origi- 
nating at the same atom. 


Bond dissociation energy (See Homolytic bond dissociation 
energy and Section 10.2) 


Bond length (Sections 1.11 and 1.14A): The equilibrium distance 
between two bonded atoms or groups. 


Bond-line formula (Section 1.17C): A formula that shows the 
carbon skeleton of a molecule with lines. The number of hydro- 
gen atoms necessary to fulfill each carbon's valence is assumed 
to be present but not written in. Other atoms (e.g., O, Cl, N) are 
written in. 


Bonding molecular orbital (bonding MO) (Sections 1.11 and 
1.15): The energy of a bonding molecular orbital is lower than the 
energy of the isolated atomic orbitals from which it arises. When 
electrons occupy a bonding molecular orbital they help hold 
together the atoms that the molecular orbital encompasses. 


Broadband (BB) proton decoupling (see Proton decoupling) 
(Section 9.11B): A method of eliminating carbon-proton coupling 
by irradiating the sample with a wide-frequency ("broadband") 
energy input in the frequencies in which protons absorb energy. 
This energy input causes the protons to remain in the high energy 
state, eliminating coupling with carbon nuclei. 


Bromination (Sections 8.12, 10.5C, and 10.6A): A reaction in 
which one or more bromine atoms are introduced into a molecule. 


Bromohydrin (Section 8.14): A compound bearing a bromine 
atom and a hydroxyl group on adjacent (vicinal) carbons. 


Bromonium ion (Section 8.12A): An ion containing a positive 
bromine atom bonded to two carbon atoms. 


Bronsted-Lowry theory of acids and bases (Section 3.2A): An 
acid is a substance that can donate (or lose) a proton; a base is a 
substance that can accept (or remove) a proton. The conjugate 
acid of a base is the molecule or ion that forms when a base accepts 
a proton. The conjugate base of an acid is the molecule or ion that 
forms when an acid loses its proton. 


С 


Carbanion (Sections 3.4 and 12.1А): А chemical species in which 
a carbon atom bears a formal negative charge. 


Carbene (Section 8.15): An uncharged species in which a carbon 
atom is divalent. The species :CHe, called methylene, is a carbene. 


Carbenoid (Section 8.15C): A carbene-like species. A species 
such as the reagent formed when diiodomethane reacts with a 
zinc-copper couple. This reagent, called the Simmons-Smith 
reagent, reacts with alkenes to add methylene to the double bond in 
a stereospecific way. 


Carbocation (Sections 3.4, 6.11, and 6.12): A chemical species in 
which a trivalent carbon atom bears a formal positive charge. 


Carbohydrate (Section 22.1A): A group of naturally occurring 
compounds that are usually defined as polyhydroxyaldehydes or 
polyhydroxyketones, or as substances that undergo hydrolysis to 
yield such compounds. In actuality, the aldehyde and ketone 
groups of carbohydrates are often present as hemiacetals and 
acetals. The name comes from the fact that many carbohydrates 
possess the empirical formula C,(H20)y. 


Carbon-13 NMR spectroscopy (Section 9.11): NMR spec- 
troscopy applied to carbon. Carbon-13 is NMR active, whereas 
carbon-12 is not and therefore cannot be studied by NMR. Only 
1.1% of all naturally occurring carbon is carbon-13. 


Carbonyl group (Section 16.1): A functional group consisting of 
a carbon atom doubly bonded to an oxygen atom. The carbonyl 
group is found in aldehydes, ketones, esters, anhydrides, amides, 
acyl halides, and so on. Collectively these compounds are referred 
to as carbonyl compounds. 


Carboxylic acid derivatives (Section 17.1): Acyl compounds that 
can be synthesized from a carboxylic acid or another carboxylic 
acid derivative. Examples include esters, amides, acid halides, 
anhydrides, etc. 


CFC (see Freon): A chlorofluorocarbon. 


Chain-growth polymer (see Addition polymer and Special 
Topic B): Polymers (macromolecules with repeating units) 
formed by adding subunits (called monomers) repeatedly to form 
a chain. 


Chain reaction (Sections 10.4–10.6, 10.10, and 10.11): A reaction 
that proceeds by a sequential, stepwise mechanism, in which each 
step generates the reactive intermediate that causes the next step to 
occur. Chain reactions have chain-initiating steps, chain-propagat- 
ing steps, and chain-terminating steps. 

Chain-terminating (dideoxynucleotide) method (Section 25.6): 
A method of sequencing DNA that involves replicating DNA in a 
way that generates a family of partial copies, each differing in 
length by one base pair and containing a nucleotide-specific fluor- 
escent tag on the terminal base. The partial copies of the parent 
DNA are separated by length, usually using capillary electrophore- 
sis, and the terminal base on each strand is identified by the cova- 
lently attached fluorescent marker. 


Chair conformation (Section 4.11): The all-staggered conforma- 
tion of cyclohexane that has no angle strain or torsional strain and 
is, therefore, the lowest energy conformation: 


£e 


Chemical shift, 6 (Sections 9.2A, 9.7, and 9.11C): The position in 
an NMR spectrum, relative to a reference compound, at which a 
nucleus absorbs. The reference compound most often used is 
tetramethylsilane (TMS), and its absorption point is arbitrarily des- 
ignated zero. The chemical shift of a given nucleus is proportional 
to the strength of the magnetic field of the spectrometer. The chem- 
ical shift in delta units, 6, is determined by dividing the observed 


shift from TMS in hertz multiplied by 10° by the operating fre- 
quency of the spectrometer in hertz. 


Chiral auxiliary (Section 13.11C): A group, present in one enan- 
tiomeric form only, that is appended by a functional group to a 
reactant so as to provide a chiral influence on the course of the 
reaction. The chiral auxiliary is removed once the reaction has been 
completed. 


Chiral molecule (Sections 5.3 and 5.12): A molecule that is not 
superposable on its mirror image. Chiral molecules have handed- 
ness and are capable of existing as a pair of enantiomers. 


Chirality (Sections 5.1, 5.4, and 5.6): The property of having 
handedness. 


Chirality center (Sections 5.2, 5.4, and 5.17): An atom bearing 
groups of such nature that an interchange of any two groups will 
produce a stereoisomer. 


Chiron (Section 13.11C): A starting material for a reaction in 
which a chirality center, in a single enantiomeric form, is included. 
The chiral influence of the chirality center in the chiron leads to 
enantioselective interactions during the synthesis. 


Chlorination (Sections 8.12, 10.3B, 10.4, and 10.5): A reaction in 
which one or more chlorine atoms are introduced into a molecule. 


Chlorohydrin (Section 8.14): A compound bearing a chlorine 
atom and a hydroxyl group on adjacent (vicinal) carbons. 


Cis-trans isomers (Sections 1.13B, 4.13, and 7.2): Diastereomers 
that differ in their stereochemistry at adjacent atoms of a double 
bond or on different atoms of a ring. Cis groups are on the same 
side of a double bond or ring. Trans groups are on opposite sides 
of a double bond or ring. 


Claisen condensation (Section 19.1): A reaction in which an enol- 
ate anion from one ester attacks the carbonyl function of another 
ester, forming a new carbon-carbon с-Бопа. A tetrahedral inter- 
mediate is involved that, with expulsion of an alkoxyl group, col- 
lapses to a B-ketoester. The two esters are said to “condense” into 
a larger product with loss of an alcohol molecule. 


Claisen rearrangement (Section 21.9): A [3,3] sigmatropic 
rearrangement reaction involving an allyl vinyl ether, in which the 
allyl group of migrates to the other end of the vinyl system, with 
bond reorganization leading to a y,6-unsaturated carbonyl 
compound. 


Codon (Section 25.5C): A sequence of three bases on messenger 
RNA (mRNA) that contains the genetic information for one amino 
acid. The codon associates, by hydrogen bonding, with an anti- 
codon of a transfer RNA (tRNA) that carries the particular amino 
acid for protein synthesis on the ribosome. 


Coenzyme (Section 24.9): A small organic molecule that partici- 
pates in the mechanism of an enzyme and which is bound at the 
active site of the enzyme. 


Cofactor (Section 24.9): A metal ion or organic molecule whose 
presence is required in order for an enzyme to function. 


Concerted reaction (Section 6.6): A reaction where bond forming 
and bond breaking occur simultaneously (in concert) through a sin- 
gle transition state. 


Condensation polymer (see Step-growth polymer, Section 
17.12, and Special Topic C): A polymer produced when bifunc- 
tional monomers (or potentially bifunctional monomers) react with 
each other through the intermolecular elimination of water or an 
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alcohol. Polyesters, polyamides, and polyurethanes are all conden- 
sation polymers. 


Condensation reaction (Sections 19.1, 19.2, and 19.4-19.6): A 
reaction in which molecules become joined through the intermole- 
cular elimination of water or an alcohol. 


Configuration (Sections 5.7, 5.15, and 6.8): The particular 
arrangement of atoms (or groups) in space that is characteristic of 
a given stereoisomer. 


Conformation (Section 4.8): A particular temporary orientation of 
a molecule that results from rotations about its single bonds. 


Conformational analysis (Sections 4.8, 4.9, 4.11, and 4.12): An 
analysis of the energy changes that a molecule undergoes as its 
groups undergo rotation (sometimes only partial) about the single 
bonds that join them. 


Conformational stereoisomers (Section 4.9A): Stereoisomers 
differing in space only due to rotations about single (о) bonds. 


Conformations of cyclohexane (Sections 4.11 and 4.13): 
Rotations about the carbon-carbon single bonds of cyclohexane 
can produce different conformations which are interconvertible. 
The most important are the chair conformation, the boat confor- 
mation, and the twist conformation. 


Conformer (Section 4.8): A particular staggered conformation of 
a molecule. 


Conjugate acid (Section 3.2A): The molecule or ion that forms 
when a base accepts a proton. 


Conjugate addition (Section 19.7): A form of nucleophilic addi- 
tion to an a, 9-unsaturated carbonyl compound in which the nucle- 
ophile adds to the B carbon. Also called Michael addition. 


Conjugate base (Section 3.6C): The molecule or ion that forms 
when an acid loses its proton. 


Conjugated protein (Section 24.12): A protein that contains a non- 
protein group (called a prosthetic group) as part of its structure. 


Conjugated unsaturated system (Section 13.1): Molecules or 
ions that have an extended т system. A conjugated system has a p 
orbital on an atom adjacent to a multiple bond; the p orbital may be 
that of another multiple bond or that of a radical, carbocation, or 
carbanion. 


Connectivity (Sections 1.3 and 1.17A): The sequence, or order, in 
which the atoms of a molecule are attached to each other. 


Constitutional isomers (Sections 1.3A, 4.2, and 5.2A): 
Compounds that have the same molecular formula but that differ in 
their connectivity (1.е., molecules that have the same molecular for- 
mula but have their atoms connected in different ways). 


Coplanar (Section 7.6D): A conformation in which vicinal groups 
lie in the same plane. 


Copolymer (Special Topic A): A polymer synthesized by poly- 
merizing two monomers. 


COSY (Section 9.12) (Correlation Spectroscopy): A two-dimen- 
sional NMR method that displays coupling relationships between 
protons in a molecule. 


Coupling (Section 9.2C): In NMR, the splitting of the energy levels of 
a nucleus under observation by the energy levels of nearby NMR- 
active nuclei, causing characteristic splitting patterns for the signal of 
the nucleus being observed. The signal from an NMR-active nucleus 
will be split into (2nI + 1) peaks, where n = the number of equivalent 
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neighboring magnetic nuclei and I — the spin quantum number. For 
hydrogen (I = 1/2) this rule devolves to (n + 1), where n = the num- 
ber of equivalent neighboring hydrogen nuclei. 


Coupling constant, Jap (Section 9.9C): The separation in frequen- 
cy units (hertz) of the peaks of a multiplet caused by spin-spin 
coupling between atoms a and b. 


Covalent bond (Section 1.4B): The type of bond that results when 
atoms share electrons. 


Cracking (Section 4.1A): A process used in the petroleum indus- 
try for breaking down the molecules of larger alkanes into smaller 
ones. Cracking may be accomplished with heat (thermal cracking), 
or with a catalyst (catalytic cracking). 


Crossed-aldol reaction (Section 19.5): An aldol reaction involv- 
ing two different aldehyde or ketone reactants. If both aldol reac- 
tants have a hydrogens, four products can result. Crossed aldol 
reactions are synthetically useful when one reactant has no a 
hydrogens, such that it can serve only as an electrophile that is sub- 
ject to attack by the enolate from the other reactant. 


Crown ether (Section 11.16): Cyclic polyethers that have the abil- 
ity to form complexes with metal ions. Crown ethers are named as 
x-crown-y where x is the total number of atoms in the ring and y is 
the number of oxygen atoms in the ring. 


Curved arrows (Sections 1.8, 3.5, and 10.1): Curved arrows show 
the direction of electron flow in a reaction mechanism. They point 
from the source of an electron pair to the atom receiving the pair. 
Double-barbed curved arrows are used to indicate the movement of 
a pair of electrons; single-barbed curved arrows are used to indi- 
cate the movement of a single electron. Curved arrows are never 
used to show the movement of atoms. 


Cyanohydrin (Sections 16.9 and 17.3): A functional group con- 
sisting of a carbon atom bonded to a cyano group and to a hydrox- 
yl group, i.e., RHC(OH)(CN) or ReC(OH)(CN), derived by 
adding HCN to an aldehyde or ketone. 

Cycloaddition (Section 13.11): A reaction, like the Diels-Alder 
reaction, in which two connected groups add to the end of a 7 sys- 
tem to generate a new ring. Also called 1,4-cycloaddition. 


Cycloalkanes (Sections 4.1, 4.4, 4.7, 4.10—4.12, 4.15, and 4.16): 
Alkanes in which some or all of the carbon atoms are arranged in 
a ring. Saturated cycloalkanes have the general formula С.Н. 


D 


D and L nomenclature (Section 22.2B): A method for designat- 
ing the configuration of monosaccarides and other compounds in 
which the reference compound is (+)- or (—)-glyceraldehyde. 
According to this system, (+)-glyceraldehyde is designated D- 
(+)-glyceraldehyde and (—)-glyceraldehyde is designated L-(—)- 
glyceraldehyde. Therefore, a monosaccharide whose highest 
numbered stereogenic center has the same general configuration as 
D-(+)-glyceraldehyde is designated a D-sugar; one whose highest 
numbered stereogenic center has the same general configuration as 
L-(+)-glyceraldehyde is designated an L-sugar. 


Dash structural formulas (Section 1.174): Structural formulas in 
which atom symbols are drawn and a line or “dash” represents each 
pair of electrons (a covalent bond). These formulas show connec- 
tivities between atoms but do not represent the true geometries of 
the species. 


Deactivating group (Sections 15.10, 15.10E, 15.10F, and 
15.11A): A group that when present on a benzene ring causes the 
ring to be less reactive in electrophilic substitution than benzene 
itself. 


Debromination (Section 7.10): The elimination of two atoms of 
bromine from a vic-dibromide, or, more generally, the loss of 
bromine from a molecule. 


Debye unit (Section 2.2): The unit in which dipole moments are 
stated. One debye, D, equals 1 X 10718 esu cm. 


Decarboxylation (Section 17.10): A reaction whereby a car- 
boxylic acid loses СО2. 


Degenerate orbitals (Section 1.10A): Orbitals of equal energy. 
For example, the three 2p orbitals are degenerate. 


Dehydration reaction (Sections 7.7 and 7.8): An elimination that 
involves the loss of a molecule of water from the substrate. 


Dehydrohalogenation (Sections 6.15A and 7.6): An elimination 
reaction that results in the loss of HX from adjacent carbons of the 
substrate and the formation of a т bond. 


Delocalization (Sections 3.11A and 6.11B): The dispersal of elec- 
trons (or of electrical charge). Delocalization of charge always sta- 
bilizes a system. 


Deoxyribonucleic acid (DNA) (Sections 25.1 and 25.4): One of 
the two molecules (the other is RNA) that carry genetic informa- 
tion in cells. Two molecular strands held together by hydrogen 
bonds give DNA a “twisted ladder’’-like structure, with four types 
of heterocyclic bases (adenine, cytosine, thymine, and guanine) 
making up the “rungs” of the ladder. 


Dextrorotatory (Section 5.8B): A compound that rotates plane- 
polarized light clockwise. 


Diastereomers (Section 5.2C): Stereoisomers that are not mirror 
images of each other. 


Diastereoselective reaction (See Stereoselective reaction and 
Sections 5.10B and 12.3C) 


Diastereotopic hydrogens (or ligands) (Section 9.8B): If replace- 
ment of each of two hydrogens (or ligands) by the same groups 
yields compounds that are diastereomers, the two hydrogen atoms 
(or ligands) are said to be diastereotopic. 


1,2-Diaxial interaction (Section 4.12): The interaction between 
two axial groups that are on adjacent carbon atoms. 


Diazonium salts (Sections 20.6A, 20.6B, 20.7, and 20.8): Salts 
synthesized from the reaction of primary amines with nitrous acid. 
Diazonium salts have the structure [R-N=N]* Х“. Diazonium 
salts of primary aliphatic amines are unstable and decompose 
rapidly; those from primary aromatic amines decompose slowly 
when cold, and are useful in the synthesis of substituted aromatics 
and azo compounds. 


Dieckmann condensation (Section 19.2A): An intramolecular 
Claisen condensation of a diester; the enolate from one ester group 
attacks the carbonyl of another ester function in the same molecule, 
leading to a cyclic product. 


Dielectric constant (Section 6.13D): A measure of a solvent’s 
ability to insulate opposite charges from each other. The dielectric 
constant of a solvent roughly measures its polarity. Solvents with 
high dielectric constants are better solvents for ions than are sol- 
vents with low dielectric constants. 


Diels-Alder reaction (Section 13.11): In general terms, a reaction 
between a conjugated diene (a 4-7-electron system) and а com- 
pound containing a double bond (a 2-7-electron system), called a 
dienophile, to form a cyclohexene ring. 


Diene (Section 13.11): A molecule containing two double bonds (di 
— two, ene — alkene or double bonds). In a Diels-Alder reaction, a 
conjugated diene in the s-cis conformation reacts with a dienophile. 


Dienophile (Section 13.11): The diene-seeking component of a 
Diels—Alder reaction. 


Dihedral angle (Sections 4.8 and 9.9D): See Fig. 4.4. The angle 
between two atoms (or groups) bonded to adjacent atoms, when 
viewed as a projection down the bond between the adjacent atoms. 


Dihydroxylation (Section 8.16): A process by which a starting 
material is converted into a product containing adjacent alcohol 
functionalities (called a “1,2-diol” or *glycol"). 


Dipeptide (Section 24.4): A peptide comprised of two amino 
acids. 


Dipolar ion (Section 24.2C): The charge-separated form of an 
amino acid that results from the transfer of a proton from a car- 
boxyl group to a basic group. 


Dipole moment, 4 (Section 2.2): A physical property associated 
with a polar molecule that can be measured experimentally. It is 
defined as the product of the charge in electrostatic units (esu) and 
the distance that separates them in centimeters: и = e X d. 


Dipole-dipole force (Section 2.13B): An interaction between mol- 
ecules having permanent dipole moments. 


Direct alkylation (Section 18.4C): A synthetic process in which 
the a-hydrogen of an ester is removed by a strong, bulky base such 
as LDA, creating a resonance-stabilized anion which will act as a 
nucleophile in an $42 reaction. 


Directed aldol reaction (Section 19.5B): A crossed aldol reaction 
in which the desired enolate anion is generated first and rapidly 
using a strong base (e.g., LDA) after which the carbonyl reactant to 
be attacked by the enolate is added. If both a kinetic enolate anion 
and a thermodynamic enolate anion are possible, this process 
favors generation of the kinetic enolate anion. 


Disaccharide (Sections 22.1A and 22.12): A carbohydrate that, on 
a molecular basis, undergoes hydrolytic cleavage to yield two mol- 
ecules of a monosaccharide. 


Dispersion force (or London force) (Sections 2.13B, 4.9, and 
4.11): Weak forces that act between nonpolar molecules or 
between parts of the same molecule. Bringing two groups (or mol- 
ecules) together first results in an attractive force between them 
because a temporary unsymmetrical distribution of electrons in one 
group induces an opposite polarity in the other. When groups are 
brought closer than their van der Waals radii, the force between 
them becomes repulsive because their electron clouds begin to 
interpenetrate each other. 


Distortionless enhanced polarization transfer (DEPT) spectra 
(Section 9.11E): A technique in 130 NMR spectroscopy by which 
the number of hydrogens at each carbon, e.g., C, CH, СН», and 
СНз can be determined. 


Disulfide linkage (Section 24.2A): A sulfur-sulfur single bond in 
a peptide or protein formed by an oxidative reaction between the 
thiol groups of two cysteine amino acid residues. 
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Double bonds (Section 1.2 and 1.13): Bonds composed of four 
electrons: two electrons in a sigma (o) bond апа two electrons in a 
pi (77) bond. 

Doublet (Section 9.2C): An NMR signal comprised of two peaks 
with equal intensity, caused by signal splitting from one neighbor- 
ing NMR-active nucleus. 


Downfield (Section 9.2A): Any area or signal in an NMR spectrum 
that is to the left relative to another. (See “Upfield” for compari- 
son.) A signal that is downfield of another occurs at higher fre- 
quency (and higher 6 and ppm values) than the other signal. 


E 


(K)-(Z) system (Section 7.2): A system for designating the stereo- 
chemistry of alkene diastereomers based on the priorities of groups 
in the Cahn-Ingold-Prelog convention. An E isomer has the highest 
priority groups on opposites sides of the double bond, a Z isomer has 
the highest priority groups on the same side of the double bond. 


E1 reaction (Sections 6.15C, 6.17, and 6.188): A unimolecular 
elimination in which, in a slow, rate-determining step, a leaving 
group departs from the substrate to form a carbocation. The carbo- 
cation then in a fast step loses a proton with the resulting formation 
of a 7 bond. 


E2 reaction (Sections 6.15C, 6.16, and 6.18B): A bimolecular 1,2 
elimination in which, in a single step, a base removes a proton and 
a leaving group departs from the substrate, resulting in the forma- 
tion of a 7 bond. 


Eclipsed conformation (Section 4.8A): A temporary orientation 
of groups around two atoms joined by a single bond such that the 
groups directly oppose each other. 


An eclipsed 
conformation 


Edman degradation (Section 24.5A): A method for determining 
the N-terminal amino acid in a peptide. The peptide is treated with 
phenylisothiocyanate (CgHs—N==C=S), which reacts with the 
N-terminal residue to form a derivative that is then cleaved from 
the peptide with acid and identified. Automated sequencers use the 
Edman degradation method. 


Electromagnetic spectrum (Section 13.9A): The full range of ener- 
gies propagated by wave fluctuations in an electromagnetic field. 


Electron density surface (Section 1.12B): An electron density 
surface shows points in space that happen to have the same elec- 
tron density. An electron density surface can be calculated for any 
chosen value of electron density. A “high” electron density surface 
(also called a “bond” electron density surface) shows the core of 
electron density around each atomic nucleus and regions where 
neighboring atoms share electrons (bonding regions) A "low" 
electron density surface roughly shows the outline of a molecule's 
electron cloud. This surface gives information about molecular 
shape and volume, and usually looks the same as a van der Waals 
or space-filling model of the molecule. (Contributed by Alan 
Shusterman, Reed College, and Warren Hehre, Wavefunction, Inc.) 
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Electron impact (EI) (Sections 9.14 and 9.18A): A method of ion 
formation in mass spectrometry whereby the sample to be analyzed 
(analyte) is placed in a high vacuum and, when in the gas phase, 
bombarded with a beam of high-energy electrons. A valence elec- 
tron is displaced by the impact of the electron beam, yielding a 
species called the molecular ion (if there has been no fragmenta- 
tion), with a + 1 charge and an unshared electron (a radical cation). 


Electronegativity (Sections 1.4A and 2.2): A measure of the abil- 
ity of an atom to attract electrons it is sharing with another and 
thereby polarize the bond. 


Electrophile (Sections 3.4A and 8.1A): A Lewis acid, an electron- 
pair acceptor, an electron-seeking reagent. 


Electrophilic aromatic substitutions (Sections 15.1, 15.2, and 
21.8): A reaction of aromatic compounds in which an electrophile 
(“electron-seeker” — a positive ion or other electron-deficient 
species with a full or large partial positive charge) replaces a 
hydrogen bonded to the carbon of an aromatic ring. 


Electrophoresis (Section 25.6A): A technique for separating 
charged molecules based on their different mobilities in an electric 
field. 


Electrospray ionization (ESI) (Section 9.18A): A method of ion 
formation in mass spectrometry whereby a solution of the sample 
to be analyzed (analyte) is sprayed into the vacuum chamber of the 
mass spectrometer from the tip of a high-voltage needle, imparting 
charge to the mixture. Evaporation of the solvent in the vacuum 
chamber yields charged species of the analyte; some of which may 
have charges greater than +1. A family of m/z peaks unique to the 
formula weight of the analyte results, from which the formula 
weight itself can be calculated by computer. 


Electrostatic potential map (maps of electrostatic potential, 
MEP) (Sections 1.8, 2.2A, and 3.3A): Electrostatic potential maps 
are models calculated by a computer that show the relative distrib- 
ution of electron density at some surface of a molecule or ion. They 
are very useful for understanding interactions between molecules 
that are based on attraction of opposite charges. Usually we choose 
the van der Waals surface (approximately the outermost region of 
electron density) of a molecule to depict the electrostatic potential 
map because this is where the electron density of one molecule 
would first interact with another. In an electrostatic potential map, 
color trending toward red indicates a region with more negative 
charge, and color trending toward blue indicates a region with less 
negative charge (or more positive charge). An electrostatic poten- 
tial map is generated by calculating the extent of charge interaction 
(electrostatic potential) between an imaginary positive charge and 
the electron density at a particular point or surface in a molecule. 
(Contributed by Alan Shusterman, Reed College, and Warren 
Hehre, Wavefunction, Inc.) 


Elimination reaction (Sections 3.1, 6.15—6.17, 7.5, 7.7): А reac- 
tion that results in the loss of two groups from the substrate and the 
formation of a m bond. The most common elimination is a 1,2 
elimination or В elimination, in which the two groups are lost from 
adjacent atoms. 


Elimination-addition (via benzyne) (Section 21.11B): A substi- 
tution reaction in which a base, under highly forcing conditions, 
deprotonates an aromatic carbon that is adjacent to a carbon bear- 
ing a leaving group. Loss of the leaving group and overlap of the 
adjacent p orbitals creates a species, called benzyne, with a 7-bond 
in the plane of the ring (separate from the aromatic 7-system). 


Attack by a nucleophile on this 7-bond followed by protonation 
yields a substituted aromatic compound. 


Enamines (Sections 16.8 and 18.9): An enamine group consists of 
an amine function bonded to the sp? carbon of an alkene. 


Enantiomeric excess or enantiomeric purity (Section 5.9B): A 
percentage calculated for a mixture of enantiomers by dividing the 
moles of one enantiomer minus the moles of the other enantiomer 
by the moles of both enantiomers and multiplying by 100. The 
enantiomeric excess equals the percentage optical purity. 


Enantiomers (Sections 5.2C, 5.3, 5.7, 5.8, and 5.16): Stereisomers 
that are mirror images of each other. 


Enantioselective reaction (See Stereoselective reaction and 
Sections 5.10B and 12.3C) 


Enantiotopic hydrogens (or ligands) (Section 9.8B): If replace- 
ment of each of two hydrogens (or ligands) by the same group 
yields compounds that are enantiomers, the two hydrogen atoms 
(or ligands) are said to be enantiotopic. 


Endo group (Section 13.11B): A group on a bicyclic compound 
that is on the same side (syn) as the longest bridge in the com- 
pound. 


Endergonic reaction (Section 6.7): A reaction that proceeds with 
a positive free-energy change. 


Endothermic reaction (Section 3.9A): A reaction that absorbs 
heat. For an endothermic reaction AH? is positive. 


Energy (Section 3.9): Energy is the capacity to do work. 


Energy of activation, Ect (Section 10.5B): A measure of the dif- 
ference in potential energy between the reactants and the transition 
state of a reaction. It is related to, but not the same as, the free ener- 
gy of activation, AG*. 

Enolate (Sections 18.1, 18.3, and 18.4): The delocalized anion 
formed when an enol loses its hydroxylic proton or when the car- 
bonyl tautomer that is in equilibrium with the enol loses an o proton. 


Enthalpy change (Sections 3.9A and 3.10): Also called the heat of 
reaction. The standard enthalpy change, AH?, is the change in 
enthalpy after a system in its standard state has undergone a trans- 
formation to another system, also in its standard state. For a reac- 
tion, AH? is a measure of the difference in the total bond energy of 
the reactants and products. It is one way of expressing the change 
in potential energy of molecules as they undergo reaction. The 
enthalpy change is related to the free-energy change, АС, and to 
the entropy change, AS°, through the expression: 


AH? = AG? + TAS? 


Entropy change (Section 3.10): The standard entropy change, 
459, is the change in entropy between two systems in their stan- 
dard states. Entropy changes have to do with changes in the rela- 
tive order of a system. The more random a system is, the greater is 
its entropy. When a system becomes more disorderly its entropy 
change is positive. 

Enzyme (Section 24.9): A protein or polypeptide that is a catalyst 
for biochemical reactions. 


Enzyme-substrate complex (Section 24.9): The species formed 
when a substrate (reactant) binds at the active site of an enzyme. 


Epimers, epimerization (Sections 18.3A and 22.8): Diastereomers 
that differ in configuration at only a single tetrahedral chirality cen- 
ter. Epimerization is the interconversion of epimers. 


Epoxidation (Section 11.13): The process of synthesizing an 
expoxide. Peroxycarboxylic acids (RCO3H) are reagents com- 
monly used for epoxidation. 


Epoxide (Sections 11.13 and 11.14): An oxirane. A three-mem- 
bered ring containing one oxygen and two carbon atoms. 


Equatorial bond (Section 4.12): The six bonds of a cyclohexane 
ring that lie generally around the “equator” of the molecule: 


ра А 


Equilibrium constant, Keq (Section 3.6A): A constant that 
expresses the position of an equilibrium. The equilibrium constant 
is calculated by multiplying the molar concentrations of the prod- 
ucts together and then dividing this number by the number 
obtained by multiplying together the molar concentrations of the 
reactants. 


Equilibrium control (See Thermodynamic control) 


Essential amino acid (Section 24.2B) An amino acid that cannot 
be synthesized by the body and must be ingested as part of the diet. 
For adult humans there are eight essential amino acids 
(RCH(NH3)CO2H): valine (R = isopropyl), Leucine (R = 
isobutyl), isoleucine (R = sec-butyl), phenylalanine (R = benzyl), 
threonine (R = 1-hydroxyethyl), methionine (R = 2- 
(methylthio)ethyl), lysine (R = 4-aminobutyl), and tryptophen (R 
= 3-methyleneindole). 

Essential oil (Section 23.3): A volatile odoriferous compound 
obtained by steam distillation of plant material. 


Esterification (Section 17.7A): The synthesis of an ester, usually 
involving reactions of carboxylic acids, acid chlorides or acid 
anhydrides with alcohols. 


Exchangeable protons (Section 9.10): Protons that can be trans- 
ferred rapidly from one molecule to another. These protons are 
often attached to electronegative elements such as oxygen or 
nitrogen. 

Exergonic reaction (Section 6.7): A reaction that proceeds with a 
negative free-energy change. 


Exo group (Section 13.11B): A group on a bicyclic compound 
that is on the opposite side (anti) to the longest bridge in the 
compound. 


Exon (Section 25.5A): Short for "expressed sequence;" an exon is 
a segment of DNA that is used when a protein is expressed. (See 
Intron). 


Exothermic reaction (Section 3.9A): A reaction that evolves heat. 
For an exothermic reaction, AH? is negative. 


F 


Fat (Section 23.2): A triacylglycerol. The triester of glycerol with 
carboxylic acids. 


Fatty acid (Section 23.2): A long-chained carboxylic acid (usual- 
ly with an even number of carbon atoms) that is isolated by the 
hydrolysis of a fat. 


Fischer projection formula (Sections 5.13 and 22.2C): A two- 
dimensional formula for representing the configuration of a chiral 
molecule. By convention, Fischer projection formulas are written 
with the main carbon chain extending from top to bottom with all 
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groups eclipsed. Vertical lines represent bonds that project behind 
the plane of the page (or that lie in it). Horizontal lines represent 
bonds that project out of the plane of the page. 


Fischer 
projection 


Wedge-dashed 
wedge formula 


Fluorination (Section 10.5C): A reaction in which fluorine atoms 
are introduced into a molecule. 


Formal charge (Section 1.7): The difference between the number 
of electrons assigned to an atom in a molecule and the number of 
electrons it has in its outer shell in its elemental state. Formal 
charge can be calculated using the formula: F = Z — 5/2 — U, 
where F is the formal charge, Z is the group number of the atom 
(i.e., the number of electrons the atom has in its outer shell in its 
elemental state), 5 is the number of electrons the atom is sharing 
with other atoms, and U is the number of unshared electrons the 
atom possesses. 


Fourier transform NMR (Section 9.5): An NMR method in 
which a pulse of energy in the radiofrequency region of the elec- 
tromagnetic spectrum is applied to nuclei whose nuclear magnetic 
moment is precessing about the axis of a magnetic field. This pulse 
of energy causes the nuclear magnetic moment to "tip" toward the 
xy plane. The component of the nuclear magnetic moment in the 
x-y plane generates (“induces”) a radiofrequency signal, which is 
detected by the instrument. As nuclei relax to their ground states 
this signal decays over time; this time-dependent signal is called a 
“Free Induction Decay” (FID) curve. A mathematical operation (a 
Fourier transform) converts time-dependent data into frequency- 
dependent data — the NMR signal. 


Fragmentation (Section 9.16): Cleavage of a chemical species by 
the breaking of covalent bonds, as in the formation of fragments 
during mass spectrometric analysis. 


Free energy of activation, AG* (Section 6.7): The difference in 
free energy between the transition state and the reactants. 


Free-energy change (Section 3.10): The standard free-energy 
change, АС, is the change in free energy between two systems in 
their standard states. At constant temperature, AG? = AH? — TAS? = 
—RT In Keq, where AH? is the standard enthalpy change, 55° is the 
standard entropy change, and K, is the equilibrium constant. A nega- 
tive value of AG? for a reaction means that the formation of products 


is favored when the reaction reaches equilibrium. 


Free-energy diagram (Section 6.7): A plot of free-energy changes 
that take place during a reaction versus the reaction coordinate. It 
displays free-energy changes as a function of changes in bond 
orders and distances as reactants proceed through the transition 
state to become products. 


Freon (Section 10.11D): A chlorofluorocarbon or CFC. 


Frequency, v (Sections 2.15 and 13.9A): The number of full cycles 
of a wave that pass a given point in each second. 


Fullerenes (Section 14.8C): Cagelike aromatic molecules with the 
geometry of a truncated icosahedron (or geodesic dome). The 
structures are composed of a network of pentagons and hexagons. 
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Each carbon is sp? hybridized; the remaining electron at each car- 
bon is delocalized into a system of molecular orbitals that gives the 
whole molecule aromatic character. 


Functional class nomenclature (Section 4.3E): A system for 
naming compounds that uses two or more words to describe the 
compound. The final word corresponds to the functional group pre- 
sent; the preceding words, usually listed in alphabetical order, 
describe the remainder of the molecule. Examples are methyl alco- 
hol, ethyl methyl ether, and ethyl bromide. 


Functional group (Section 2.4): The particular group of atoms in 
a molecule that primarily determines how the molecule reacts. 


Functional group interconversion (Section 6.14): A process that 
converts one functional group into another. 


Furanose (Section 22.2C): A sugar in which the cyclic acetal or 
hemiacetal ring is five membered. 


G 


Gauche conformation (Section 4.9): A gauche conformation of 
butane, for example, has the methyl groups at an angle of 60? to 
each other: 


CH3 
CH3 


A gauche 
conformation 
of butane 


GC/MS analysis (Section 9.19): An analytical method that cou- 
ples a gas chromatograph (GC) with a mass spectrometer (MS). 
The GC separates the components of a mixture to be analyzed by 
sweeping the compounds, in the gas phase, through a column con- 
taining an adsorbant called a stationary phase. The gaseous mole- 
cules will cling to the surface of the stationary phase (be adsorbed) 
with different strengths. Those molecules that cling (adsorb) weak- 
ly will pass through the column quickly; those that adsorb more 
strongly will pass through the column more slowly. The separated 
components of the mixture are then introduced into the mass spec- 
trometer, where they are analyzed. 

Geminal (gem-) substituents (Section 7.10A): Substituents that 
are on the same atom. 

Gene (Section 25.1): A section of DNA that codes for a given 
protein. 

Genetic code (Sections 25.5C and 25.5D): The correspondence of 
specific three-base sequences in mRNA (codons) that each code for 
a specific amino acid. Each codon pairs with the anticodon of a 
specific tRNA, which in turn carries the corresponding amino acid. 
Genome (Sections 25.1 and 25.9): The set of all genetic informa- 
tion coded by DNA in an organism. 

Genomics (Section 24.14): The study of the complete set of genet- 
ic instructions in an organism. 

Glycan (see Polysaccharide and Section 22.13): An alternate term 
for a polysaccharide; monosaccharies joined together by glycosidic 
linkages. 


Glycol (Sections 4.3F and 8.16): A diol. 


Glycolipids (Section 22.16): Carbohydrates joined through glyco- 
sidic linkages to lipids. 


Glycoproteins (Section 22.16): Carbohydrates joined through gly- 
cosidic linkages to proteins. 


Glycoside (Section 22.4): A cyclic mixed acetal of a sugar with an 
alcohol. 


Grignard reagent (Section 12.6B): An organomagnesium halide, 
usually written RMgX. 


Ground state (Section 1.12): The lowest electronic energy state of 
an atom or molecule. 


H 


1H—'H correlation spectroscopy (COSY) (Section 9.12): A two- 
dimensional NMR method used to display the coupling between 
hydrogen atoms. 


Haloform reaction (Section 18.3C): A reaction specific to methyl 
ketones. In the presence of base multiple halogenations occur at the 
carbon of the methyl group; excess base leads to acyl substitution 
of the trihalomethyl group, resulting in a carboxylate anion and a 
haloform (CHX3). 


Halogenation (Sections 10.3-10.6 and 10.8): A reaction in which 
one or more halogen atoms are introduced into a molecule. 


Halohydrin (Section 8.14): A compound bearing a halogen atom 
and a hydroxyl group on adjacent (vicinal) carbons. 


Halonium ion (Section 8.12A): An ion containing a positive halo- 
gen atom bonded to two carbon atoms. 


Hammond-Leffler postulate (Section 6.13A): A postulate stating 
that the structure and geometry of the transition state of a given 
step will show a greater resemblance to the reactants or products of 
that step depending on which is closer to the transition state in 
energy. This means that the transition state of an endothermic step 
will resemble the products of that step more than the reactants, 
whereas the transition state of an exothermic step will resemble the 
reactants of that step more than the products. 


Heat of hydrogenation (Section 7.3A): The standard enthalpy 
change that accompanies the hydrogenation of 1 mol of a com- 
pound to form a particular product. 


Heisenberg uncertainty principle (Section 1.11): A fundamen- 
tal principle that states that both the position and momentum 
of an electron (or of any object) cannot be exactly measured 
simultaneously. 


Hemiacetal (Sections 16.7A and 22.2C): A functional group, con- 
sisting of an sp? carbon atom bearing both an alkoxyl group and a 
hydroxyl group [i.e., RCH(OH)(OR’) or RoC(OH)(OR’)]. 
Hemiketal (See Hemiacetal and Section 16.7A) 
Henderson-Hasselbalch equation (Section 24.2): The 
Henderson-Hasselbalch equation (pK, = pH + log[HA]/[A ]) 


shows that when the concentration of an acid and its conjugate base 
are equal, the pH of the solution equals the pK, of the acid. 


Hertz (Hz) (Sections 9.7A, 9.9C, and 13.9A): The frequency of a 
wave. Now used instead of the equivalent cycles per second (cps). 


Heteroatom (Section 2.3): Atoms such as oxygen, nitrogen, sulfur 
and the halogens that form bonds to carbon and have unshared 
pairs of electrons. 


Heterocyclic amines (Section 20.1B): A secondary or tertiary 
amine in which the nitrogen group is part of a carbon-based ring. 


Heterocyclic compound (Sections 14.9): A compound whose 
molecules have a ring containing an element other than carbon. 


Heterogeneous catalysis (Sections 7.13 and 7.14): Catalytic reac- 
tions in which the catalyst is insoluble in the reaction mixture. 


Heterolysis (Section 3.1A): The cleavage of a covalent bond so 
that one fragment departs with both of the electrons of the covalent 
bond that joined them. Heterolysis of a bond normally produces 
positive and negative ions. 


Heteronuclear correlation spectroscopy (HETCOR or C-H 
HETCOR) (Section 9.12): A two-dimensional NMR method used 
to display the coupling between hydrogens and the carbons to 
which they are attached. 


Heterotopic (chemically nonequivalent atoms) (Section 9.8A): 
Atoms in a molecule where replacement of one or the other leads 
to a new compound. Heterotopic atoms are not chemical shift 
equivalent in NMR spectroscopy. 


Hofmann rule (Sections 7.6C and 20.12A): When an elimination 
yields the alkene with the less substituted double bond, it is said to 
follow the Hofmann rule. 


HOMO (Sections 3.3A and 13.9C): The highest occupied molec- 
ular orbital. 


Homogeneous catalysis (Sections 7.13 and 7.14A): Catalytic 
reactions in which the catalyst is soluble in the reaction mixture. 


Homologous series (Section 4.7): A series of compounds in which 
each member differs from the next member by a constant unit. 


Homolysis (Sections 3.1A and 10.1): The cleavage of a covalent 
bond so that each fragment departs with one of the electrons of the 
covalent bond that joined them. 


Homolytic bond dissociation energy, DH? (Section 10.2): The 
enthalpy change that accompanies the homolytic cleavage of a 
covalent bond. 


Homotopic (chemically equivalent) atoms (Section 9.8A): 
Atoms in a molecule where replacement of one or another results 
in the same compound. Homotopic atoms are chemical shift equiv- 
alent in NMR spectroscopy. 


Hückel's rule (Section 14.7): A rule stating that planar monocyclic 
rings with (4n + 2) delocalized 7 electrons (1.е., with 2, 6, 10, 14, 
..., delocalized т electrons) will be aromatic. 


Hund's rule (Section 1.10A): A rule used in applying the aufbau 
principle. When orbitals are of equal energy (i.e., when they are 
degenerate), electrons are added to each orbital with their spins 
unpaired, until each degenerate orbital contains one electron. Then 
electrons are added to the orbitals so that the spins are paired. 


Hybridization of atomic orbitals (Sections 1.12 and 1.15): A 
mathematical (and theoretical) mixing of two or more atomic 
orbitals to give the same number of new orbitals, called Aybrid 
orbitals, each of which has some of the character of the original 
atomic orbitals. 


Hydration (Sections 8.5—8.10 and 11.4): The addition of water to 
a molecule, such as the addition of water to an alkene to form an 
alcohol. 


Hydrazone (Section 16.8B): An imine in which an amino group 
(–МН2, —NHR, – МА) is bonded to the nitrogen atom. 
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Hydride (Section 7.8): A hydrogen anion, Н: Hydrogen with а 
filled 1s shell (containing two electrons) and negative charge. 


Hydroboration (Sections 8.7, 8.8, and 11.4): The addition of a 
boron hydride (either ВНз or an alkylborane) to a multiple bond. 


Hydrocarbon (Section 2.2): A molecular containing only carbon 
and hydrogen atoms. 


Hydrogen abstraction (Section 10.1B): The process by which a 
species with an unshared electron (a radical) removes a hydrogen 
atom from another species, breaking the bond to the hydrogen 
homolytically. 


Hydrogen bond (Sections 2.13B, 2.13E, and 2.13F): A strong 
dipole-dipole interaction (4—38 kJ mol!) that occurs between 
hydrogen atoms bonded to small strongly electronegative atoms 
(O, N, or F) and the nonbonding electron pairs on other such elec- 
tronegative atoms. 


Hydrogenation (Sections 4.16A, 7.3A, and 7.13-7.15): A reaction 
in which hydrogen adds to a double or triple bond. Hydrogenation 
is often accomplished through the use of a metal catalyst such as 
platinum, palladium, rhodium, or ruthenium. 


Hydrophilic group (Sections 2.13D and 23.2C): A polar group 
that seeks an aqueous environment. 


Hydrophobic group (or lipophilic group) (Sections 2.13D and 
23.2C): A nonpolar group that avoids an aqueous surrounding and 
seeks a nonpolar environment. 


Hydroxylation (Sections 8.16 and 11.15): The addition of hydrox- 
yl groups to each carbon or atom of a double bond. 


Hyperconjugation (Sections 4.8 and 6.11B): Electron delocaliza- 
tion (via orbital overlap) from a filled bonding orbital to an adja- 
cent unfilled orbital. Hyperconjugation generally has a stabilizing 
effect. 


I 


Imines (Section 16.8): A structure with a carbon-nitrogen double 
bond. If the groups bonded to carbon are not the same, (E) and (2) 
isomers are possible. 


Index of hydrogen deficiency (Section 4.17): The index of hydro- 
gen deficiency (or IHD) equals the number of pairs of hydrogen 
atoms that must be subtracted from the molecular formula of the 
corresponding alkane to give the molecular formula of the com- 
pound under consideration. 


Induced fit hypothesis (Section 24.9): An hypothesis regarding 
enzyme reactivity whereby formation of the enzyme-substrate 
complex causes conformational changes in the enzyme that facili- 
tate conversion of the substrate to product. 


Inductive effect (Sections 3.8B, 3.11B, and 15.11B): An intrinsic 
electron-attracting or -releasing effect that results from a nearby 
dipole in the molecule and that is transmitted through space and 
through the bonds of a molecule. 


Infrared (IR) spectroscopy (Section 2.15): A type of optical spec- 
troscopy that measures the absorption of infrared radiation. 
Infrared spectroscopy provides structural information about func- 
tional groups present in the compound being analyzed. 


Inhibitor (Section 24.9): A compound that can negatively alter the 
activity of an enzyme. 


Integration (Section 9.2B): A numerical value representing the 
relative area under a signal in an NMR spectrum. In 1H NMR, the 
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integration value is proportional to the number of hydrogens pro- 
ducing a given signal. 

Intermediate (Sections 3.1, 6.10, and 6.11): A transient species 
that exists between reactants and products in a state corresponding 
to a local energy minimum on a potential energy diagram. 


Intermolecular forces (Sections 2.13B and 2.13F): Also known 
as van der Waals forces. Forces that act between molecules 
because of permanent (or temporary) electron distributions. 
Intermolecular forces can be attractive or repulsive. Dipole-dipole 
forces (including hydrogen bonds) and dispersion forces (also 
called London forces), are intermolecular forces of the van der 
Waal type. 


Intron (Section 25.5A): Short for "intervening sequence,” an 
intron is a segments of DNA that is not actually used when a pro- 
tein is expressed, even though it is transcripted into the initial 
mRNA. 


Inversion of configuration (Sections 6.6 and 6.14): At a tetrahe- 
dral atom, the process whereby one group is replaced by another 
bonded 180° opposite to the original group. The other groups at the 
tetrahedral atom “turn inside out" (shift) in the same way that an 
umbrella “turns inside ош“ When a chirality center undergoes 
configuration inversion, its (R,S) designation may switch, depend- 
ing on the relative Chan-Ingold-Prelog priorities of the groups 
before and after the reaction. 


Iodination (Section 10.5C): A reaction in which one or more 
iodine atoms are introduced into a molecule. 


Ion (Sections 1.4A and 3.1A): A chemical species that bears an 
electrical charge. 


Ion-dipole force (Section 2.13D): The interaction of an ion with a 
permanent dipole. Such interactions (resulting in solvation) occur 
between ions and the molecules of polar solvents. 


Ion-ion forces (Section 2.14A): Strong electrostatic forces of 
attraction between ions of opposite charges. These forces hold ions 
together in a crystal lattice. 


Ion sorting (Section 9.18B): Sorting of ions in a mass spectrome- 
ter by m/z. Ions are presented on the x-axis of the mass spectrum in 
order of increasing m/z. If z = +1, m/z is equivalent to the molec- 
ular mass of the molecule. 


Ionic bond (Section 1.4A): A bond formed by the transfer of elec- 
trons from one atom to another resulting in the creation of oppo- 
sitely charged ions. 

Ionic reaction (Sections 3.1A and 10.1): A reaction involving ions 
as reactants, intermediates, or products. Ionic reactions occur 
through the heterolysis of covalent bonds. 


Ionization (Section 9.14): Conversion of neutral molecules to ions 
(charged species). 


Isoelectric point (p/) (Section 24.2C): The pH at which the num- 
ber of positive and negative charges on an amino acid or protein are 
equal. 


Isomers (Sections 1.3A and 5.2): Different molecules that have the 
same molecular formula. 


Isoprene unit (Section 23.3): A name for the structural unit found 


in all terpenes: 


Isotactic polymer (Special Topic B.1): A polymer in which the 
configuration at each stereogenic center along the chain is the same. 


Isotopes (Section 1.2A): Atoms that have the same number of pro- 
tons in their nuclei but have differing atomic masses because their 
nuclei have different numbers of neutrons. 


IUPAC system (Section 4.3): (also called the "systematic nomen- 
clature") A set of nomenclature rules overseen by the International 
Union of Pure and Applied Chemistry (IUPAC) that allows every 
compound to be assigned an unambiguous name. 


K 


Karplus correlation (Section 9.9D): An empirical correlation 
between the magnitude of an NMR coupling constant and the dihe- 
dral angle between two coupled protons. The dihedral angles derived 
in this manner can provide information about molecular geometries. 


Kekulé structure (Sections 2.1D and 14.4): A structure in which 
lines are used to represent bonds. The Kekulé structure for benzene 
is a hexagon of carbon atoms with alternating single and double 
bonds around the ring, and with one hydrogen atom attached to 
each carbon. 


Ketal (See Acetal and Section 16.7B) 


Keto and enol forms (Sections 18.1—18.3): Tautomeric forms of a 
compound related by a common resonance-stabilized intermediate. 
An enol structure consists of an alcohol functionality bonded to the 
sp? carbon of an alkene. Shifting the hydroxyl proton to the alkene 
and creation of a carbon-oxygen zr-bond results in the keto form of 
the species. 


Ketose (Section 22.2A): A monosaccharide containing a ketone 
group or a hemiacetal or acetal derived from it. 


Kinetic control (Sections 7.6B, 13.10A): A principle stating that 
when the ratio of products of a reaction is determined by relative 
rates of reaction, the most abundant product will be the one that is 
formed fastest. Also called rate control. 


Kinetic energy (Section 3.9): Energy that results from the motion 
of an object. Kinetic energy (KE) = !/, mv”, where m is the mass of 
the object and v is its velocity. 


Kinetic enolate (Section 18.4A): In a situation in which more than 
one enolate anion can be formed, the Kinetic enolate anion is that 
which is formed most rapidly. This is usually the enolate anion 
with the less substituted double bond; the decrease in steric hin- 
drance permits more rapid deprotonation by the base. A kinetic 
enolate anion is formed predominantly under conditions that do not 
permit the establishment of an equilibrium. 


Kinetic resolution (Section 5.10B): A process in which the rate of 
a reaction with one enantiomer is different than with the other, 
leading to a preponderance of one product stereoisomer. This 
process is said to be “stereoselective” in that it leads to the prefer- 
ential formation of one stereoisomer over other stereoisomers that 
could possibly be formed. 


Kinetics (Section 6.5): A term that refers to rates of reactions. 


L 
Lactam (Section 17.81): A cyclic amide. 
Lactone (Section 17.7C): A cyclic ester. 


LCAO (linear combination of atomic orbitals, Section 1.11): A 
mathematical method for arriving at wave functions for molecular 


obitals that involves adding or subtracting wave functions for 
atomic orbitals. 


Leaving group (Sections 6.2, 6.4, and 6.13E): The substituent 
that departs from the substrate in a nucleophilic substitution 
reaction. 


Leveling effect of a solvent (Section 3.15): An effect that restricts 
the use of certain solvents with strong acids and bases. In principle, 
no acid stronger than the conjugate acid of a particular solvent can 
exist to an appreciable extent in that solvent, and no base stronger 
than the conjugate base of the solvent can exist to an appreciable 
extent in that solvent. 


Levorotatory (Section 5.8B): A compound that rotates plane- 
polarized light in a counterclockwise direction. 


Lewis structure (or electron-dot structure) (Sections 1.4B and 
1.5): A representation of a molecule showing electron pairs as a 
pair of dots or as a dash. 


Lewis acid-base theory (Section 3.3): An acid is an electron pair 
acceptor, and a base is an electron pair donor. 


Lipid (Section 23.1): A substance of biological origin that is solu- 
ble in nonpolar solvents. Lipids include fatty acids, triacylglycerols 
(fats and oils), steroids, prostaglandins, terpenes and terpenoids, 
and waxes. 


Lipid bilayers (Section 23.6A): A two-layer noncovalent molecu- 
lar assembly comprised primarily of phospholipids. The hydropho- 
bic phospholipid "tail" groups of each layer orient toward each 
other in the center of the two-layered structure due to attractive dis- 
persion forces. The hydrophilic “head” groups of the lipids orient 
toward the aqueous exterior of the bilayer. Lipid bilayers are 
important in biological systems such as cell membranes. 


Lipophilic group (or hydrophobic group) (Sections 2.13D and 
23.2C): A nonpolar group that avoids an aqueous surrounding and 
seeks a nonpolar environment. 

Lithium diisopropylamide (LDA) (Section 18.4): (i-C3H7)2N Ц“ 
The lithium salt of diisopropylamine. A strong base used to form 
lithium enolates from carbonyl compounds. 


Lock-and-key hypothesis (Section 24.9): An hypothesis that 
explains enzyme specificity on the basis of complementary geom- 
etry between the enzyme (the lock") and the substrate (the key"), 
such that their shapes “fit together" correctly for a reaction to 
occur. 


LUMO (Sections 3.3A and 13.9C): The lowest unoccupied mole- 
cular orbital. 


M 
Macromolecule (Section 10.10): A very large molecule. 


Magnetic resonance imaging (MRI) (Section 9.12): A technique 
based on NMR spectroscopy that is used in medicine. 


Malonic ester synthesis (Section 18.7): A reaction in which the a- 
hydrogen of diethyl propanedioate (diethyl malonate, also called 
"malonic ester") is removed, creating a resonance-stabilized anion 
which can serve as a nucleophile in ап Sy2 reaction. The a-carbon 
can be substituted twice; the ester functionalities can be converted 
into a carboxylic acid which, after decarboxylation, will yield a 
substituted ketone. 


Mannich reaction (Section 19.8): The reaction of an enol with an 
iminium cation (formed from the reaction of a primary or sec- 
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ondary amine with formaldehyde) to yield a B-aminoalkyl car- 
bonyl compound. 


Markovnikov’s rule (Sections 8.2 and 8.19): A rule for predicting 
the regiochemistry of electrophilic additions to alkenes and alkynes 
that can be stated in various ways. As originally stated (in 1870) by 
Vladimir Markovnikov, the rule provides that “if an unsymmetrical 
alkene combines with a hydrogen halide, the halide ion adds to the 
carbon with the fewer hydrogen atoms.” More commonly the rule 
has been stated in reverse: that in the addition of HX to an alkene 
or alkyne the hydrogen atom adds to the carbon atom that already 
has the greater number of hydrogen atoms. A modern expression of 
Markovnikov’s rule is: In the ionic addition of an unsymmetrical 
reagent to a multiple bond, the positive portion of the reagent (the 
electrophile) attaches itself to a carbon atom of the reagent in the 
way that leads to the formation of the more stable intermediate 
carbocation. 


Mass spectrometry (MS) (Section 9.13): A technique, useful in 
structure elucidation, that involves the generation of ions from a 
molecule, the sorting and detecting of the ions, and the display of 
the result in terms of the mass/charge ratio and relative amount of 
each ion. 


Matrix-assisted laser desorption-ionization (MALDI) (Section 
9.18A): A method in mass spectrometry for ionizing analytes that 
do not ionize well by electrospray ionization. The analyte is mixed 
with low molecular weight organic molecules that can absorb ener- 
gy from a laser and then transfer this energy to the analyte, pro- 
ducing +1 ions which are then analyzed by the mass spectrometer. 


Mechanism (See Reaction mechanism) 


Melting Point (Section 2.14A): The temperature at which an equi- 
librium exists between a well-ordered crystalline substance and the 
more random liquid state. It reflects the energy needed to overcome 
the attractive forces between the units (ions, molecules) that com- 
prise the crystal lattice. 


Meso compound (Section 5.12A): An optically inactive com- 
pound whose molecules are achiral even though they contain tetra- 
hedral atoms with four different attached groups. 


Mesylate (Section 11.10): A methanesulfonate ester. Methane- 
sulfonate esters are compounds that contain the CH3SO3— group, 
i CH3SO3R. 

Meta directors (Section 15.10B): An electron-withdrawing group 
on an aromatic ring. The major product of electrophilic aromatic 
substitution on a ring bearing a meta-directing group will have the 
newly substituted electrophile located meta to the substituent. 


Methanide (Section 7.8): A methyl anion, ~:CH3, or methyl 
species that reacts as though it were a methyl anion. 


Methylene (Section 8.15A): The carbene with the formula :СН>. 
Methylene group (Section 2.4B): The —CHo— group. 


Micelle (Section 23.2C): A spherical cluster of ions in aqueous 
solution (such as those from a soap) in which the nonpolar 
groups are in the interior and the ionic (or polar) groups are at 
the surface. 


Michael addition (See Conjugate addition and Sections 18.9 and 
19.7): A reaction between an active hydrogen compound and an 
a,B-unsaturated carbonyl compound. The attack by the anion of 
the active hydrogen compound takes place at the B-carbon of the 
a,B-unsaturated carbonyl compound. A Michael addition is a type 
of conjugate addition. 
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Molar absorptivity, = (Section 13.9B): A proportionality con- 
stant that relates the observed absorbance (A) at a particular 
wavelength (A) to the molar concentration of the sample (C) and 
the length (/) (in centimeters) of the path of the light beam 
through the sample cell: 


e=A/CX1 


Molecular formula (Section 1.3A): A formula that gives the 
total number of each kind of atom in a molecule. The molecular 
formula is a whole number multiple of the empirical formula. For 
example the molecular formula for benzene is CgHg; the empiri- 
cal formula is CH. 


Molecular ion (Sections 9.14, 9.15, and 9.17): The cation pro- 
duced in a mass spectrometer when one electron is dislodged from 
the parent molecule, symbolized M t 


Molecular orbital (MO) (Sections 1.11 and 1.15): Orbitals that 
encompass more than one atom of a molecule. When atomic 
orbitals combine to form molecular orbitals, the number of molec- 
ular orbitals that results always equals the number of atomic 
orbitals that combine. 


Molecularity (Section 6.5): The number of species involved in a 
single step of a reaction (usually the rate-determining step). 


Molecule (Section 1.4B): An electrically neutral chemical entity 
that consists of two or more bonded atoms. 


Monomer (Section 10.10): The simple starting compound from 
which a polymer is made. For example, the polymer polyethylene 
is made from the monomer ethylene. 


Monosaccharide (Sections 22.1A and 22.2): The simplest type of 
carbohydrate, one that does not undergo hydrolytic cleavage to a 
simpler carbohydrate. 


Mutarotation (Section 22.3): The spontaneous change that takes 
place in the optical rotation of a and [В anomers of a sugar when 
they are dissolved in water. The optical rotations of the sugars 
change until they reach the same value. 


N 


Nanotube (Section 14.8C): A tubular structure with walls resem- 
bling fused benzene rings, capped by half of a “buckyball” (buck- 
minsterfullerene) at each end. The entire structure exhibits aromat- 
ic character. 


Neighboring-group participation (Problem 6.49): The effect on 
the course or rate of a reaction brought about by another group near 
the functional group undergoing reaction. 


Newman projection formula (Section 4.8A): A means of repre- 
senting the spatial relationships of groups attached to two atoms of 
a molecule. In writing a Newman projection formula we imagine 
ourselves viewing the molecule from one end directly along the 
bond axis joining the two atoms. Bonds that are attached to the 
front atom are shown as radiating from the center of a circle; those 
attached to the rear atom are shown as radiating from the edge of 
the circle: 


Front 
atom 


Nitrogen rule (Section 9.17B): A rule that states that if the mass 
of the molecular ion in a mass spectrum is an even number, the par- 
ent compound contains an even number of nitrogen atoms, and 
conversely. 

N-nitrosoamines (Section 20.6C): Amines bearing an NO on 
the nitrogen, such as R—NH-——N-O ог Ar—NH—N-O. 
Often referred to as “nitrosamines” in the popular press. N- 
nitrosoamines are very powerful carcinogens. 


Node (Section 1.9): A place where a wave function (y) is equal to 
zero. The greater the number of nodes in an orbital, the greater is 
the energy of the orbital. 


Nonbenzenoid aromatic compound (Section 14.8B): An aro- 
matic compound, such as azulene, that does not contain benzene 
rings. 

Nuclear magnetic resonance (NMR) spectroscopy (Sections 
9.2 and 9.11A): A spectroscopic method for measuring the 
absorption of radio frequency radiation by certain nuclei when 
the nuclei are in a strong magnetic field. The most important 
NMR spectra for organic chemists are 1H NMR spectra and 136 
NMR spectra. These two types of spectra provide structural infor- 
mation about the carbon framework of the molecule, and about 
the number and environment of hydrogen atoms attached to each 
carbon atom. 


Nucleic acids (Sections 25.1, 25.4, and 25.5): Biological polymers 
of nucleotides. DNA and RNA are, respectively, nucleic acids that 
preserve and transcribe hereditary information within cells. 


Nucleophile (Sections 3.4A, 6.2, 6.3, and 6.13B): A Lewis base, 
an electron pair donor that seeks a positive center in a molecule. 


Nucleophilic addition-elimination (Section 17.4): Addition of a 
nucleophile to a carbonyl (or other trigonal) carbon, yielding a 
tetrahedral intermediate, followed by elimination of a leaving 
group to yield a trigonal planar product. 


Nucleophilic addition to the carbonyl carbon (Section 16.6): A 
reaction in which a nucleophile (an electron-pair donor) forms a 
bond to the carbon of a carbonyl (C=O) group. To avoid violat- 
ing the octet rule, the electrons of the carbon-oxygen п-бопа shift 
to the oxygen, resulting in a four-coordinate (tetrahedral) carbon. 


Nucleophilic aromatic substitution (Section 21.11A): A substitu- 
tion reaction in which a nucleophile attacks an aromatic ring bear- 
ing strongly electron-withdrawing groups in ortho and/or para 
positions relative to the site of attack and the leaving group. This 
step is an addition reaction that yields and aryl carbanion (called a 
Meisenheimer Complex) which is stabilized by the electron-with- 
drawing groups on the ring. Loss of the leaving group in an elimi- 
nation step regenerates the aromatic system, yielding a substituted 
aromatic compound by what was, overall, an addition-elimination 
process. 


Nucleophilic substitution reaction (Section 6.2): A reaction initi- 
ated by a nucleophile (a species with an unshared electron pair) in 
which the nucleophile reacts with a substrate to replace a sub- 
stituent (called the leaving group) that departs with an unshared 
electron pair. 


Nucleophilicity (Section 6.13B): The relative reactivity of a nucle- 
ophile in ап 52 reaction as measured by relative rates of reaction. 


Nucleoside (Sections 22.15A, 25.2, and 25.3): A five-carbon 
monosaccharide bonded at the 1’ position to a purine or 
pyrimidine. 


Nucleotide (Sections 25.2 and 25.3): A five-carbon monosaccha- 
ride bonded at the 1’ position to a purine or pyrimidine and at the 
3' or 5' position to a phosphate group. 


о 


Octet rule (Sections 1.4 and 1.6): An empirical rule stating that 
atoms not having the electronic configuration of a noble gas tend to 
react by either transferring electrons or sharing electrons so as to 
achieve the valence electron configuration (i. e., eight electrons) of 
a noble gas. 


Off-resonance decoupling (Section 9.11D): An NMR method for 
investigating the number of protons attached to a carbon atom by 
which each carbon signal is split into (n + 1) signals, where n = 
the number of protons on the carbon under observation. 


Oil (Section 23.2): A triacylglycerol (see below) that is liquid at 
room temperature. 


Olefin (Section 7.1): An old name for an alkene. 


Oligonucleotide synthesis (Section 25.7): Synthesis of specific 
sequence of nucleotides, often by automated solid-phase techniques, 
in which the nucleotide chain is built up by adding a protected 
nucleotide in the form of a phosphoramidite to a protected nucleotide 
linked to a solid phase, (usually a controlled pore glass") in the pres- 
ence of a coupling agent. The phosphite triester product is oxidized to 
a phosphate triester with iodine, producing a chain that has been 
lengthened by one nucleotide. The protecting group is then removed, 
and the steps (coupling, oxidation, deprotection) are repeated. After 
the desired oligonucleotide has been synthesized it is cleaved from 
the solid support and the remaining protecting groups removed. 


Oligopeptide (Section 24.4): A peptide comprised of 3 — 10 amino 
acids. 


Oligosaccharides (Section 22.1A): A carbohydrate 
hydrolyzes to yield 2-10 monosaccharide molecules. 


that 


Optical purity (Section 5.9B): A percentage calculated for a mix- 
ture of enantiomers by dividing the observed specific rotation for 
the mixture by the specific rotation of the pure enantiomer and 
multiplying by 100. The optical purity equals the enantiomeric 
purity or enantiomeric excess. 


Optically active compound (Sections 5.8 and 5.9): A compound 
that rotates the plane of polarization of plane-polarized light. 


Orbital (Section 1.10): A volume of space in which there is a high 
probability of finding an electron. Orbitals are described mathe- 
matically by the squaring of wave functions, and each orbital has a 
characteristic energy. An orbital can hold two electrons when their 
spins are paired. 

Organometallic compound (Section 12.5): A compound that con- 
tains a carbon—metal bond. 


Orthogonal protecting groups (Section 24.7D): Protecting 
groups in which one set of protecting groups is stable under condi- 
tions for removal of the other, and vice versa. 


Ortho-para directors (Section 15.10B): An electron-donating 
group on an aromatic ring. The major product of electrophilic aro- 
matic substitution on a ring bearing such a group will have the 
newly substituted electrophile located ortho and/or para to the 
ortho-para-directing group. 

Osazone (Section 22.8): A 1,2-bisarylhydrazone formed by reac- 
tion of an aldose or ketose with three molar equivalents of an aryl- 
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hydrazone. Most common are phenylosazones, formed by reaction 
with phenylhydrazine, and 2,4-dinitrophenylhydrazones. 


Oxidation (Sections 12.2 and 12.4): A reaction that increases the 
oxidation state of atoms in a molecule or ion. For an organic sub- 
strate, oxidation usually involves increasing its oxygen content or 
decreasing its hydrogen content. Oxidation also accompanies any 
reaction in which a less electronegative substituent is replaced by a 
more electronegative one. 


Oxidative cleavage (Sections 8.17 and 8.20): A reaction in which 
the carbon-carbon double bond of an alkene or alkyne is both 
cleaved and oxidized, yielding compounds with carbon-oxygen 
double bonds. 


Oxidizing agent (Section 12.2): A chemical species that causes 
another chemical species to become oxidized (lose electrons, or 
gain bonds to more electronegative elements, often losing bonds to 
hydrogen in the process). The oxidizing agent is reduced in this 
process. 


Oxime (Section 16.8B): An imine in which a hydroxyl group is 
bonded to the nitrogen atom. 


Oxonium ion (Sections 3.13 and 11.12): A chemical species with 
an oxygen atom that bears a formal positive charge. 


Oxonium salt (Section 11.12): A salt in which the cation is a 
species containing a positively charged oxygen. 


Oxymercuration (Sections 8.6 and 11.4): The addition of —OH 
and —HgO.-CR to a multiple bond. 


Oxymercuration-demercuration (Section 8.6): A two-step 
process for adding the elements of water (H and OH) to a double 
bond in a Markovnikov orientation without rearrangements. An 
alkene reacts with mercuric acetate (or trifluoroacetate), forming a 
bridged mercurinium ion. Water preferentially attacks the more 
substituted side of the bridged ion, breaking the bridge and result- 
ing, after loss of a proton, in an alcohol. Reduction with NaBH, 
replaces the mercury group with a hydrogen atom, yielding the 
final product. 


Ozonolysis (Sections 8.17B and 8.20): The oxidative cleavage of a 
multiple bond using Os (ozone). The reaction leads to the forma- 
tion of a cyclic compound called an ozonide, which is then reduced 
to carbonyl compounds by treatment with dimethyl sulfide (Ме25) 
or zinc and acetic acid. 


P 


p orbitals (Section 1.10): A set of three degenerate (equal energy) 
atomic orbitals shaped like two tangent spheres with a nodal plane 
at the nucleus. For p orbitals of second row elements, the principal 
quantum number, n (see Atomic orbital), is 2; the azimuthal quan- 
tum number, /, is 1; and the magnetic quantum numbers, m, are +1, 
0, or —1. 


Paraffin (Section 4.15): An old name for an alkane. 


Partial hydrolysis (Section 24.5D): Random cleavage of a 
polypeptide with dilute acid, resulting in a family of peptides of 
varying lengths that can be more easily sequenced than the parent 
polypeptide. Once each fragment peptide is sequenced, the areas of 
overlap indicate the sequence of the initial peptide. 


Pauli exclusion principle (Section 1.10A): A principle that states 
that no two electrons of an atom or molecule may have the same 
set of four quantum numbers. It means that only two electrons can 
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occupy the same orbital, and then only when their spin quantum 
numbers are opposite. When this is true, we say that the spins of 
the electrons are paired. 


Peptide (Section 24.4): A molecule comprised of amino acids 
bonded via amide linkages. 


Peptide bond, peptide linkage (Section 24.4): The amide linkage 
between amino acids in a peptide. 


Peracid (See Peroxy acid, Section 11.13A) 
Periplanar (See Coplanar, Section 7.6D) 


Peroxide (Section 10.1A): A compound with an oxygen-oxygen 
single bond. 


Peroxy acid (Section 11.13A): An acid with the general formula 
RCO3H, containing an oxygen-oxygen single bond. 


Phase sign (Section 1.9): Signs, either + or —, that are character- 
istic of all equations that describe the amplitudes of waves. 


Phase transfer catalysis (Section 11.16): A reaction using a 
reagent that transports an ion from an aqueous phase into a nonpo- 
lar phase where reaction takes place more rapidly. 
Tetraalkylammonium ions and crown ethers are phase-transfer 
catalysts. 


Phospholipid (Section 23.6): Compound that is structurally 
derived from phosphatidic acid. Phosphatidic acids are derivatives 
of glycerol in which two hydroxyl groups are joined to fatty acids, 
and one terminal hydroxyl group is joined in an ester linkage to 
phosphoric acid. In a phospholipid the phosphate group of the 
phosphatidic acid is joined in ester linkage to a nitrogen-containing 
compound such as choline, 2-aminoethanol, or L-serine. 


Physical property (Section 2.14): Properties of a substance, such 
as melting point and boiling point, that relate to physical (as 
opposed to chemical) changes in the substance. 


Pi (77) bond (Section 1.13): A bond formed when electrons occu- 
py a bonding 7 molecular orbital (1.е., the lower energy molecular 
orbital that results from overlap of parallel p orbitals on adjacent 
atoms). 


Pi (7) molecular orbital (Section 1.13): A molecular orbital 
formed when parallel p orbitals on adjacent atoms overlap. Pi 
molecular orbitals may be bonding (p lobes of the same phase 
sign overlap) or antibonding (p orbitals of opposite phase sign 
overlap). 


pK, (Section 3.6B): The pK, is the negative logarithm of the acid- 
ity constant, K,. pK, = —log K,. 

Plane of symmetry (Sections 5.6 and 5.12A): An imaginary plane 
that bisects a molecule in a way such that the two halves of the 
molecule are mirror images of each other. Any molecule with a 
plane of symmetry will be achiral. 


Plane-polarized light (Section 5.8A): Light in which the oscilla- 
tions of the electrical field occur only in one plane. 


Polar aprotic solvent (Section 6.13C): A polar solvent that does 
not have a hydrogen atom attached to an electronegative element. 
Polar aprotic solvents do not hydrogen bond with a Lewis base 
(e.g., a nucleophile). 


Polar protic solvent (Section 6.13D): A polar solvent that has at 
least one hydrogen atom bonded to an electronegative element. 
These hydrogen atoms of the solvent can form hydrogen bonds 
with a Lewis base (e.g., a nucleophile). 


Polar covalent bond (Section 2.2): A covalent bond in which the 
electrons are not equally shared because of differing electronega- 
tivities of the bonded atoms. 


Polar molecule (Section 2.3): A molecule with a dipole moment. 


Polarimeter (Section 5.8B): A device used for measuring optical 
activity. 

Polarizability (Section 6.13C): The susceptibility of the electron 
cloud of an uncharged molecule to distortion by the influence of an 
electric charge. 


Polymer (Section 10.10): A large molecule made up of many 
repeating subunits. For example, the polymer polyethylene is made 
up of the repeating subunit —(CH2CH2);—. 


Polymerase chain reaction (PCR) (Section 25.8): A method for 
multiplying (amplifying) the number of copies of a DNA mole- 
cule. The reaction uses DNA polymerase enzymes to attach addi- 
tional nucleotides to a short oligonucleotide “primer” that is 
bound to a complementary strand of DNA called a "template." 
The nucleotide that the polymerases attach are those that are com- 
plementary to the base in the adjacent position on the template 
strand. Each cycle doubles the amount of target DNA that existed 
prior to the reaction step, yielding an exponential increase in the 
amount of DNA over time. 


Polymerizations (Section 10.10): Reactions in which individual 
subunits (called monomers) are joined together to form long-chain 
macromolecules. 


Polypeptide (Section 24.4): A peptide comprised of many (>10) 
amino acids. 


Polysaccharide (Sections 22.1A and 22.13): A carbohydrate that, 
on a molecular basis, undergoes hydrolytic cleavage to yield many 
molecules of a monosaccharide. Also called a glycan. 


Polyunsaturated fatty acid/ester (Section 23.2): A fatty acid or 
ester of a fatty acid whose carbon chain contain two or more dou- 
ble bonds. 


Potential energy (Section 3.9): Potential energy is stored ener- 
gy; it exists when attractive or repulsive forces exist between 
objects. 


Potential energy diagram (Section 4.8); A graphical plot of the 
potential energy changes that occurs as molecules (or atoms) react 
(or interact). Potential energy is plotted on the vertical axis, and the 
progress of the reaction on the horizontal axis 


Primary carbon (Section 2.5): A carbon atom that has only one 
other carbon atom attached to it. 


Primary structure (Sections 24.1, 24.5, and 24.6): The covalent 
structure of a polypeptide or protein. This structure is determined, 
in large part, by determining the sequence of amino acids in the 
protein. 


Prochiral center (Section 12.3C): A group is prochiral if replace- 
ment of one of two identical groups at a tetrahedral atom, or if 
addition of a group to a trigonal planar atom, leads to a new chi- 
rality center. At a tetrahedral atom where there are two identical 
groups, the identical groups can be designated pro-R and рго-5 
depending on what configuration would result when it is imagined 
that each is replaced by a group of next higher priority (but not 
higher than another existing group). 


Prostaglandins (Section 23.5): Natural Су carboxylic acids that 
contain a five-membered ring, at least one double bond, and several 


oxygen-containing functional groups. Prostaglandins mediate a vari- 
ety of physiological processes. 


Prosthetic group (Sections 24.9 and 24.12): An enzyme cofactor 
that is permanently bound to the enzyme. 


Protecting group (Sections 11.11D, 11.11E, 12.9, 15.14A, 16.7C, 
and 24.74): A group that is introduced into a molecule to protect а 
sensitive group from reaction while a reaction is carried out at 
some other location in the molecule. Later, the protecting group is 
removed. Also called blocking group. (See also orthogonal pro- 
tecting group.) 


Protein (Section 24.4): A large biological polymer of a-amino 
acids joined by amide linkages. 


Proteome Proteome (Sections 25.1 and 25.9): The set of all pro- 
teins encoded within the genome of an organism and expressed at 
any given time. 


Proteomics (Section 24.14): The study of all proteins that are 
expressed in a cell at a given time. 


Protic solvent (Sections 3.12, 6.13C, and 6.13D): A solvent whose 
molecules have a hydrogen atom attached to a strongly electroneg- 
ative element such as oxygen or nitrogen. Molecules of a protic 
solvent can therefore form hydrogen bonds to unshared electron 
pairs of oxygen or nitrogen atoms of solute molecules or ions, 
thereby stabilizing them. Water, methanol, ethanol, formic acid, 
and acetic acid are typical protic solvents. 


Proton decoupling (Section 9.11B): An electronic technique 
used in 13C NMR spectroscopy that allows decoupling of 
spin-spin interactions between 13C nuclei and 'H nuclei. In spec- 
tra obtained in this mode of operation all carbon resonances 
appear as singlets. 


Proton off-resonance decoupling (Section 9.11D): A technique 
used in IC NMR spectroscopy that allows one-bond couplings 
between 13C nuclei and 'H nuclei. In spectra obtained in this mode 
of operation, СНз groups appear as quartets, CH» groups appear as 
triplets, CH groups appear as doublets, and carbon atoms with no 
attached hydrogen atoms appear as singlets. 


Psi (W) function (See Wave function and Section 1.9) 


Pyranose (Section 22.2C): A sugar in which the cyclic acetal or 
hemiacetal ring is six membered. 


Q 


Quartet (Section 9.2C): An NMR signal comprised of four peaks 
in a 1:3:3:1 area ratio, caused by signal splitting from three neigh- 
boring NMR-active spin 1/2 nuclei. 

Quaternary ammonium salt (Sections 20.2B and 20.3D): Ionic 
compounds in which a nitrogen bears four organic groups and a 
positive charge, paired with a counterion. 

Quaternary structure (Sections 24.1 and 24.8C): The overall 
structure of a protein having multiple subunits (non-covalent 
aggregates of more than one polypeptide chain). Each subunit has 
a primary, secondary, and tertiary structure of its own. 


R 


R (Sections 2.4A and 4.3A): A symbol used to designate an alkyl 
group. Oftentimes it is taken to symbolize any organic group. 


R,S-System (Section 5.7): A method for designating the configu- 
ration of tetrahedral chirality centers. 


GI-17 


Glossary 


Racemic form (racemate or racemic mixture) (Sections 5.9A, 
5.9B, and 5.10A): An equimolar mixture of enantiomers. A 
racemic form is optically inactive. 


Racemization (Section 6.12A): A reaction that transforms 
an optically active compound into a racemic form is said to pro- 
ceed with racemization. Racemization takes place whenever a 
reaction causes chiral molecules to be converted to an achiral 
intermediate. 


Radical (or free radical) (Sections 3.1A, 10.1, 10.6, and 10.7): An 
uncharged chemical species that contains an unpaired electron. 


Radical addition to alkenes (Sections 10.9 and 10.10): A 
process by which an atom with an unshared electron, such as a 
bromine atom, adds to an alkene with homolytic cleavage of the 
Tr-bond and formation of a o-bond from the radical to the car- 
bon; the resulting carbon radical then continues the chain reac- 
tion to product the final product plus another species with an 
unshared electron. 


Radical cation (Section 9.14): A chemical species containing an 
unshared electron and a positive charge. 


Radical halogenation (Section 10.3): Substitution of a hydrogen 
by a halogen through a radical reaction mechanism. 


Radical reaction (Section 10.1B): A reaction involving radicals. 
Homolysis of covalent bonds occurs in radical reactions. 


Rate control (See Kinetic control) 


Rate-determining step (Section 6.9A): If a reaction takes place in 
a series of steps, and if the first step is intrinsically slower than all 
of the others, then the rate of the overall reaction will be the same 
as (will be determined by) the rate of this slow step. 


Reaction coordinate (Section 6.7): The abscissa in a potential 
energy diagram that represents the progress of the reaction. It rep- 
resents the changes in bond orders and bond distances that must 
take place as reactants are converted to products. 


Reaction mechanism (Sections 3.1 and 3.14): A step-by-step 
description of the events that are postulated to take place at the 
molecular level as reactants are converted to products. A mecha- 
nism will include a description of all intermediates and transition 
states. Any mechanism proposed for a reaction must be consistent 
with all experimental data obtained for the reaction. 


Rearrangement (Sections 3.1, 7.8A, and 7.8B): A reaction that 
results in a product with the same atoms present but a different car- 
bon skeleton from the reactant. The type of rearrangement called a 
1,2 shift involves the migration of an organic group (with its elec- 
trons) from one atom to the atom next to it. 


Reducing agent (Sections 12.2 and 12.3): A chemical species that 
causes another chemical species to become reduced (to gain elec- 
trons, or to lose bonds to electronegative elements, often gaining 
bonds to hydrogen in the process). The reducing agent is oxidized 
in this process. 


Reducing sugar (Section 22.6A): Sugars that reduce Tollens’ or 
Benedict’s reagents. All sugars that contain hemiacetal or hemike- 
tal groups (and therefore are in equilibrium with aldehydes or 
a-hydroxyketones) are reducing sugars. Sugars in which only 
acetal or ketal groups are present are nonreducing sugars. 


Reduction (Sections 12.2 and 12.3): A reaction that lowers the 
oxidation state of atoms in a molecule or ion. Reduction of an 
organic compound usually involves increasing its hydrogen content 
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or decreasing its oxygen content. Reduction also accompanies any 
reaction that results in replacement of a more electronegative sub- 
stituent by a less electronegative one. 


Reductive amination (Section 20.4C): A method for synthesizing 
primary, secondary, or tertiary amines in which an aldehyde or 
ketone is treated with a primary or secondary amine to produce an 
imine (when primary amines are used) or an iminium ion (when 
secondary amines are used), followed by reduction to produce an 
amine product. 


Regioselective reaction (Sections 8.2C and 8.19): A reaction that 
yields only one (or a predominance of one) constitutional isomer as 
the product when two or more constitutional isomers are possible 
products. 


Relative configuration (Section 5.15A): The relationship between 
the configurations of two chiral molecules. Molecules are said to 
have the same relative configuration when similar or identical 
groups in each occupy the same position in space. The configura- 
tions of molecules can be related to each other through reactions of 
known stereochemistry, for example, through reactions that cause 
no bonds to a stereogenic center to be broken. 


Replication (Section 25.4C): A process in which DNA unwinds, 
allowing each chain to act as a template for the formation of its 
complement, producing two identical DNA molecules from one 
original molecule. 


Resolution (Sections 5.16B and 20.3F): The process by which the 
enantiomers of a racemic form are separated. 


Resonance (Sections 3.11A, 13.5, and 15.11B): An effect by 
which a substituent exerts either an electron-releasing or electron- 
withdrawing effect through the 7r system of the molecule. 


Resonance energy (Section 14.5): An energy of stabilization that 
represents the difference in energy between the actual compound and 
that calculated for a single resonance structure. The resonance ener- 
gy arises from delocalization of electrons in a conjugated system. 


Resonance structures (or resonance contributors) (Sections 1.8, 
1.8A, 13.3B, and 13.5A): Lewis structures that differ from one 
another only in the position of their electrons. A single resonance 
structure will not adequately represent a molecule. The molecule is 
better represented as a /rybrid of all of the resonance structures. 


Restriction endonucleases (Section 25.6): Enzymes that cleave 
double-stranded DNA at specific base sequences. 


Retro-aldol reaction (Section 19.4B): Aldol reactions are 
reversible; under certain conditions an aldol product will revert to 
its aldol reaction precursors. This process is called a retro-aldol 
reaction. 


Retrosynthetic analysis (Section 7.16B): A method for planning 
syntheses that involves reasoning backward from the target mole- 
cule through various levels of precursors and thus finally to the 
starting materials. 


Ribonucleic acid (RNA) (Sections 25.1 and 25.5): One of the two 
classes of molecules (the other is DNA) that carry genetic infor- 
mation in cells. RNA molecules transcribe and translate the infor- 
mation from DNA for the mechanics of protein synthesis. 


Ribozyme (Section 25.5B): A ribonucleic acid that acts as a reac- 
tion catalyst. 


Ring flip (Sections 4.11 and 4.12): The change in a cyclohexane 
ring (resulting from partial bond rotations) that converts one ring 


conformation to another. A chair-chair ring flip converts any equa- 
torial substitutent to an axial substituent and vice versa. 


Ring strain (Section 4.10): The increased potential energy of the 
cyclic form of a molecule (usually measured by heats of combus- 
tion) when compared to its acyclic form. 


S 


s orbital (Section 1.10): A spherical atomic orbital. For s orbitals 
the azimuthal quantum number / — 0 (see Atomic orbital). 


Salt (Section 1.4A): The product of a reaction between an acid and 
a base. Salts are ionic compounds composed of oppositely charged 
ions. 


Sanger N-terminal analysis (Section 24.5B): A method for deter- 
mining the N-terminal amino acid residue of a peptide by its SyAr 
(nucleophilic aromatic substitution) reaction with dinitrofluoroben- 
zene, followed by peptide hydrolysis and comparison of the prod- 
uct with known standards. 


Saponification (Sections 17.7B and 23.2C): Base-promoted 
hydrolysis of an ester. 


Saturated compound (Sections 2.1, 7.13, and 23.2): A compound 
that does not contain any multiple bonds. 


Sawhorse formula (Section 4.8): A chemical formula that depicts 
the spatial relationships of groups in a molecule in a way similar to 
dash-wedge formulas. 


Secondary amine (Section 20.1): A derivative of ammonia in 
which there are two carbons bonded to a nitrogen atom. Secondary 
amines have a formula RoNH, where the R groups can be the same 
or different. 


Secondary carbon (Section 2.5): A carbon atom that has two other 
carbon atoms attached to it. 


Secondary structure (Sections 24.1 and 24.8A): The local con- 
formation of a polypeptide backbone. These local conformations 
are specified in terms of regular folding patterns such as pleated 
sheets, o helixes, and turns. 


Shielding and deshielding (Section 9.6): Effects observed in 
NMR spectra caused by the circulation of sigma and pi electrons 
within the molecule. Shielding causes signals to appear at lower 
frequencies (upfield), deshielding causes signals to appear at high- 
er frequencies (downfield). 


Sigma (о) bond (Section 1.12A): A single bond. A bond formed 
when electrons occupy the bonding c orbital formed by the end-on 
overlap of atomic orbitals (or hybrid orbitals) on adjacent atoms. In 
a sigma bond the electron density has circular symmetry when 
viewed along the bond axis. 


Sigma (o) orbital (Section 1.12A): A molecular orbital formed by 
end-on overlap of orbitals (or lobes of orbitals) on adjacent atoms. 
Sigma orbitals may be bonding (orbitals or lobes of the same phase 
sign overlap) or antibonding (orbitals or lobes of opposite phase 
sign overlap). 


Signal splitting (Sections 9.2C and 9.9): Splitting of an NMR sig- 
nal into multiple peaks, in patterns such as doublets, triplets, quar- 
tets, etc., caused by interactions of the energy levels of the mag- 
netic nucleus under observation with the energy levels of nearby 
magnetic nuclei. 


Silylation (Sections 11.11E and 17.7C): Conversion of an alcohol, 
R—OH, to a silyl ether (usually of the form R—O—SiR’3, where 


the groups on silicon may be the same or different). Silyl ethers are 
used as protecting groups for the alcohol functionality. 


Singlet (Section 9.2C): An NMR signal with only a single, unsplit 
peak. 


Site-specific cleavage (Section 24.5D): A method of cleaving 
peptides at specific, known sites using enzymes and specialized 
reagents. For example, the enzyme trypsin preferentially cat- 
alyzes hydrolysis of peptide bonds on the C-terminal side of argi- 
nine and lysine. Other bonds in the peptide are not cleaved by this 
reagent. 


Syl reaction (Sections 6.9, 6.10, 6.12, 6.13, and 6.188): 
Literally, substitution nucleophilic unimolecular. A multistep 
nucleophilic substitution in which the leaving group departs in a 
unimolecular step before the attack of the nucleophile. The rate 
equation is first order in substrate but zero order in the attacking 
nucleophile. 


52 reaction (Sections 6.5B, 6.6–6.8, 6.13, and 6.18A): Literally, 
substitution nucleophilic bimolecular. A bimolecular nucleophilic 
substitution reaction that takes place in a single step. A nucleophile 
attacks a carbon bearing a leaving group from the back side, caus- 
ing an inversion of configuration at this carbon and displacement of 
the leaving group. 


Solid-phase peptide synthesis (SPPS) (Section 24.7D): A method 
of peptide synthesis in which the peptide is synthesized on a solid 
support, one amino acid residue at a time. The first amino acid of 
the peptide is bonded as an ester between its carboxylic acid group 
and a hydroxyl of the solid support (a polymer bead). This is then 
treated with a solution of the second amino acid and appropriate 
coupling reagents, creating a dipeptide. Excess reagents, byprod- 
ucts, etc. are washed away. Further linkages are synthesized in the 
same manner. The last step of the synthesis is cleavage of the pep- 
tide from the solid support and purification. 


Solubility (Section 2.13D): The extent to which a given solute dis- 
solves in a given solvent, usually expressed as a weight per unit 
volume (e.g., grams per 100 mL). 


Solvent effect (Sections 6.13C and 6.13D): An effect on relative 
rates of reaction caused by the solvent. For example, the use of a 
polar solvent will increase the rate of reaction of an alkyl halide in 
an 541 reaction. 


Solvolysis (Section 6.12B): Literally, cleavage by the solvent. A 
nucleophilic substitution reaction in which the nucleophile is a 
molecule of the solvent. 


sp orbital (Section 1.14): A hybrid orbital that is derived by math- 
ematically combining one s atomic orbital and one p atomic 
orbital. Two sp hybrid orbitals are obtained by this process, and 
they are oriented in opposite directions with an angle of 180° 
between them. 


sp? orbital (Section 1.13): A hybrid orbital that is derived by math- 
ematically combining one s atomic orbital and two p atomic 
orbitals. Three sp? hybrid orbitals are obtained by this process, and 
they are directed toward the corners of an equilateral triangle with 
angles of 120° between them. 


sp? orbital (Section 1.12A): A hybrid orbital that is derived by 
mathematically combining one s atomic orbital and three p atomic 
orbitals. Four sp? hybrid orbitals are obtained by this process, and 
they are directed toward the corners of a regular tetrahedron with 
angles of 109.5? between them. 
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Specific rotation (Section 5.8C): A physical constant calculated 
from the observed rotation of a compound using the following 
equation: 

a 
сх! 


[a]p = 


where а is the observed rotation using the D line of a sodium 
lamp, c is the concentration of the solution or the density of a neat 
liquid in grams per milliliter, and / is the length of the tube in 
decimeters. 


Spectroscopy (Section 9.1): The study of the interaction of ener- 
gy with matter. Energy can be absorbed, transmitted, emitted or 
cause a chemical change (break bonds) when applied to matter. 
Among other uses, spectroscopy can be used to probe molecular 
structure. 


Spin decoupling (Section 9.10): An effect that causes spin-spin 
splitting not to be observed in NMR spectra. 


Spin-spin splitting (Section 9.9): An effect observed in NMR 
spectra. Spin-spin splittings result in a signal appearing as a mul- 
tiplet (1.e., doublet, triplet, quartet, etc.) and are caused by magnet- 
ic couplings of the nucleus being observed with nuclei of nearby 
atoms. 


Splitting tree diagrams (Section 9.9B): A method of illustrating 
the NMR signal splittings in a molecule by drawing "branches" 
from the original signal. The distance between the branches is pro- 
portional to the magnitude of the coupling constant. This type of 
analysis is especially useful when multiple splittings (splitting of 
already split signals) occur due to coupling with non-equivalent 
protons. 


Staggered conformation (Section 4.8A): A temporary orientation of 
groups around two atoms joined by a single bond such that the bonds 
of the back atom exactly bisect the angles formed by the bonds of the 
front atom when shown in a Newman projection formula: 


Front 
atom 


М Rear 
atom 
A staggered 
conformation 


Step-growth polymer (See also Condendsation polymer, 
Section 17.12 and Special Topic C): A polymer produced when 
bifunctional monomers (or potentially bifunctional monomers) 
react with each other through the intermolecular elimination of 
water or an alcohol. Polyesters, polyamides, and polyurethanes are 
all step-growth (condensation) polymers 


Stereochemistry (Sections 5.2, 6.8, and 6.14): Chemical studies 
that take into account the spatial aspects of molecules. 


Stereogenic carbon (Section 5.3): A single tetrahedral carbon 
with four different groups attached to it. Also called an asymmet- 
ric carbon, a stereocenter, or a chirality center. The last usage is 
preferred. 


Stereogenic center (Sections 5.3, 5.18): When the exchange of two 
groups bonded to the same atom produces stereoisomers, the atom 
is said to be a stereogenic atom, or stereogenic center. 
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Stereoisomers (Sections 1.13B, 4.9A, 4.13, 5.2B, and 5.14): 
Compounds with the same molecular formula that differ only in the 
arrangement of their atoms in space. Stereoisomers have the same 
connectivity and, therefore, are not constitutional isomers. 
Stereoisomers are classified further as being either enantiomers or 
diastereomers. 


Stereoselective reaction (Sections 5.10B, 8.21C, and 12.3C): In 
reactions where chirality centers are altered or created, a stereosel- 
ective reaction produces a preponderance of one stereoisomer. 
Furthermore, a stereoselective reaction can be either enantioselec- 
tive, in which case the reaction produces a preponderance of one 
enantiomer, or diastereoselective, in which case the reaction pro- 
duces a preponderance of one diastereomer. 


Stereospecific reaction (Section 8.13): A reaction in which a par- 
ticular stereoisomeric form of the reactant reacts in such a way that 
it leads to a specific stereoisomeric form of the product. 


Steric effect (Section 6.13A): An effect on relative reaction rates 
caused by the space-filling properties of those parts of a molecule 
attached at or near the reacting site. 


Steric hindrance (Sections 4.8B and 6.13A): An effect on relative 
reaction rates caused when the spatial arrangement of atoms or 
groups at or near the reacting site hinders or retards a reaction. 


Steroid (Section 23.4): Steroids are lipids that are derived from the 
following perhydrocyclopentanophenanthrene ring system: 


Structural formula (Sections 1.3A and 1.17): A formula that 
shows how the atoms of a molecule are attached to each other. 


Substituent effect (Sections 3.11D and 15.10): An effect on the 
rate of reaction (or on the equilibrium constant) caused by the 
replacement of a hydrogen atom by another atom or group. 
Substituent effects include those effects caused by the size of the 
atom or group, called steric effects, and those effects caused by the 
ability of the group to release or withdraw electrons, called elec- 
tronic effects. Electronic effects are further classified as being 
inductive effects or resonance effects. 


Substitution reaction (Sections 3.1, 6.2, 10.3, 15.1, and 17.4): A 
reaction in which one group replaces another in a molecule. 


Substitutive nomenclature (Section 4.3F): A system for naming 
compounds in which each atom or group, called a substituent, is 
cited as a prefix or suffix to a parent compound. In the IUPAC sys- 
tem only one group may be cited as a suffix. Locants (usually num- 
bers) are used to tell where the group occurs. 


Substrate (Sections 6.2 and 24.9): The molecule or ion that under- 
goes reaction. 


Sugar (Section 22.1A): A carbohydrate. 


Sulfa drugs (Sections 20.9 and 20.10): Sulfonamide antibacteri- 
al agents, most of which have the general structure 
p-HeaNCgH4SOoNHR. Sulfa drugs act as antimetabolites (they 
inhibit the growth of microbes) by inhibiting the enzymatic steps 
that are involved in the synthesis of folic acid; when deprived of 
folic acid, the microorganism dies. 


Sulfonamides (Section 20.9): An amide derivative of a sulfonic 
acid, usually made by. the reaction of ammonia, or a primary or 
secondary amine, with a sulfonyl chloride, resulting in compounds 
having the general formulas R'SO2NH»2, R'SOSNHR, or 
R’SOsNRo, respectively. 


Sulfonate ester (Section 11.10): A compound with the formula 
ROSOR’ and considered to be derivatives of sulfonic acids, 
НО5ОР'". Sulfonate esters are used in organic synthesis 
because of the excellent leaving group ability of the fragment 
| OSOeR'. 

Superposable (Sections 1.13B and 5.1): Two objects are super- 
posable if, when one object is placed on top of the other, all parts 
of each coincide. To be superposable is different than to be super- 
imposable. Any two objects can be superimposed simply by 
putting one object on top of the other, whether or not all parts coin- 
cide. The condition of superposability must be met for two things 
to be identical. 


Syn addition (Sections 7.14A and 7.15A): An addition that places 
both parts of the adding reagent on the same face of the reactant. 


Syn dihydroxylation (Section 8.16A): An oxidation reaction in 
which an alkene reacts to become a 1,2-diol (also called a glycol) 
with the newly bonded hydroxyl groups added to the same face of 
the alkene. 


Syndiotactic polymer (Special Topic B.1): A polymer in which 
the configuration at the stereogenic centers along the chain alter- 
nate regularly: (R), (S), (R), (S), etc. 


Synthetic equivalent (Sections 8.21, 18.6, and 18.7): A compound 
that functions as the equivalent of a molecular fragment needed in 
a synthesis. 


Synthon (Sections 8.21B, 18.6, and 18.7): The fragments that 
result (on paper) from the disconnection of a bond. The actual 
reagent that will, in a synthetic step, provide the synthon is called 
the synthetic equivalent. 


T 


Tautomerization (Section 18.2): An isomerization by which tau- 
tomers are rapidly interconverted, as in keto-enol tautomerization. 


Tautomers (Section 18.2): Constitutional isomers that are easi- 
ly interconverted. Keto and enol tautomers, for example, are 
rapidly interconverted in the presence of acids and bases. 


Terminal residue analysis (Section 24.5): Methods used to deter- 
mine the sequence of amino acids in a peptide by reactions involv- 
ing the N- and C-terminal residues. 


Terpene (Section 23.3): Terpenes are lipids that have a structure 
that can be derived on paper by linking isoprene units. 


Terpenoids (Section 23.3): Oxygen-containing derivatives of 
terpenes. 


Tertiary amine (Section 20.1): A derivative of ammonia in 
which there are three carbons bonded to a nitrogen atom. Tertiary 
amines have a formula R3N where the R groups can be the same 
or different. 


Tertiary carbon (Section 2.5): A carbon atom that has three other 
carbon atoms attached to it. 


Tertiary structure (Sections 24.1 and 24.8B): The three dimen- 
sional shape of a protein that arises from folding of its polypeptide 
chains superimposed on its а helixes and pleated sheets. 


Tetrahedral intermediate (Section 17.4): A species created by the 
attack of a nucleophile on a trigonal carbon atom. In the case of a 
carbonyl group, as the electrons of the nucleophile form a bond to 
the carbonyl carbon the electrons of the carbon-oxygen zr-bond 
shift to the oxygen. The carbon of the carbonyl group becomes 
four-coordinate (tetrahedral), while the oxygen gains an electron- 
pair and becomes negatively charged. 


Thermodynamic control (Sections 13.10A and 18.4A): A princi- 
ple stating that the ratio of products of a reaction that reaches equi- 
librium is determined by the relative stabilities of the products (as 
measured by their standard free energies, AG°). The most abundant 
product will be the one that is the most stable. Also called equilib- 
rium control. 


Thermodynamic enolate (Section 18.4A): In a situation in which 
more than one enolate anion can be formed, the thermodynamic 
enolate is the more stable of the possible enolate anions—usually 
the enolate with the more substituted double bond. A thermody- 
namic enolate is formed predominantly under conditions that per- 
mit the establishment of an equilibrium. 


Torsional barrier (Section 4.8B): The barrier to rotation of groups 
joined by a single bond caused by repulsions between the aligned 
electron pairs in the eclipsed form. 


Torsional strain (Sections 4.8B, 4.9, and 4.10): The strain associ- 
ated with an eclipsed conformation of a molecule; it is caused by 
repulsions between the aligned electron pairs of the eclipsed bonds. 


Tosylate (Section 11.10): A p-toluenesulfonate ester, which is a 
compound that contains the p-CH3CgH,SO3— group, i.e., 
p-CH3CgH4,SO3R 

Transcription (Section 25.5): Synthesis of a messenger RNA 
(mRNA) molecule that is complimentary to a section of DNA that 
carries genetic information. 


Transesterification (Section 17.7A): A reaction involving the 
exchange of the alkoxyl portion of an ester for a different alkoxyl 
group, resulting in a new ester. 


Transition state (Sections 6.6, 6.7, and 6.10): A state on a 
potential energy diagram corresponding to an energy maximum 
(1.е., characterized by having higher potential energy than imme- 
diately adjacent states). The term transition state is also used to 
refer to the species that occurs at this state of maximum poten- 
tial energy; another term used for this species is the activated 
complex. 

Translation (Section 25.5E): The ribosomal synthesis of a 
polypeptide using an mRNA template. 


Triacylglycerols (Section 23.2): An ester of glycerol (glycerin) in 
which all three of the hydroxyl groups are esterified. 

Triflate (Section 11.10): A methanesulfonate ester, which is a 
compound that contains the CH3SO3— group, i.e., р-СНз$ОзА 
Tripeptide (Section 24.4): A peptide comprised of three amino 
acids 

Triple bonds (Sections 1.2 and 1.14): Bonds comprised of one 
sigma (о) bond and two pi (77) bonds. 

Triplet (Section 9.2C): An NMR signal comprised of three peaks 
in a 1:2:1 area ratio, caused by signal splitting from two neighbor- 
ing NMR-active spin 1/2 nuclei. 

Trisaccharides (Section 22.1A): A carbohydrate that, when 
hydrolyzed, yields three monosaccharide molecules. 
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Two-dimensional (2D) NMR (Section 9.12): NMR techniques 
such as COSY and HETCOR that correlate one property (e.g., 
coupling), or type of nucleus, with another. (See COSY and 
HETCOR.) 


U 


Ultraviolet-visible (UV-Vis) spectroscopy (Section 13.9): A 
type of optical spectroscopy that measures the absorption of light 
in the visible and ultraviolet regions of the spectrum. Visible-UV 
spectra primarily provide structural information about the kind 
and extent of conjugation of multiple bonds in the compound 
being analyzed. 


Unimolecular reaction (Section 6.9): A reaction whose rate-deter- 
mining step involves only one species. 


Unsaturated compound (Sections 2.1, 7.13, and 23.2): A com- 
pound that contains multiple bonds. 


Upfield (Section 9.2A): Any area or signal in an NMR spectrum 
that is to the right relative to another. (See Downfield for compar- 
ison.) A signal that is upfield of another occurs at lower frequency 
(and lower 6 and ppm values) than the other signal. 


V 


Vicinal coupling (Section 9.9): The splitting of an NMR signal 
caused by hydrogen atoms on adjacent carbons. (See also 
Coupling and Signal Splitting.) 

Vicinal (vic-) substituents (Section 7.10): Substituents that are on 
adjacent atoms. 


Vinyl group (Sections 4.5 and 6.1): The CH2— CH-— group. 


Vinylic halide (Section 6.1): An organic halide in which the halo- 
gen atom is attached to a carbon atom of a double bond. 


Vinylic substituent (Section 6.1): Refers to a substituent on a car- 
bon atom that participates in a carbon-carbon double bond. 


VSEPR model (valence shell electron pair replusion) (Section 
1.16): A method of predicting the geometry at a covalently bond- 
ed atom by considering the optimum geometric separation 
between groups of bonding and non-bonding electrons around 
the atom 


W 


Wave function (or у function) (Section 1.9): A mathematical 
expression derived from quantum mechanics corresponding to an 
energy state for an electron, i.e., for an orbital. The square of the у 
function, Y°, gives the probability of finding the electron in a par- 
ticular place in space. 


Wavelength, A (Sections 2.15 and 13.9A): The distance between 
consecutive crests (or troughs) of a wave. 


Wavenumber, v (Section 2.15): A way to express the frequency of 
a wave. The wavenumber is the number of waves per centimeter, 


expressed as em !, 


Waxes (Section 23.7): Esters of long-chain fatty acids and long- 
chain alcohols. 


Williamson synthesis (Section 11.11B): The synthesis of an 
ether by the Sy2 reaction of an alkoxide ion with a substrate 
bearing a suitable leaving group (often a halide, sulfonate, or 
sulfate). 
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Y 


Ylide (Section 16.10): An electrically neutral molecule that has a 
negative carbon with an unshared electron pair adjacent to a posi- 
tive heteroatom. 


Z 


Zaitsev’s rule (Sections 7.6B and 7.8A): A rule stating that an 
elimination will give as the major product the most stable alkene 
(i.e., the alkene with the most highly substituted double bond). 


Zwitterion (See Dipolar ion and Section 24.2C): Another name 
for a dipolar ion. 
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A 
Absolute configuration, 220-221 


relationships between structure and, 
115-116 


Absorption maxima for nonconjugated and Acidity constant (K), 109-110 


conjugated dienes, 609 
Absorption spectrum, 607 
Acetaldehyde, 75, 729 
Acetaldehyde enolate, 51 

physical properties of, 75 
Acetals, 747—750 
acid-catalyzed formation, 748 
cyclic, 748—749 
hemiacetals, 744—747 
as protecting groups, 749—750 
thioacetals, 750 
Acetanilide, nitration of, 716 
Acetic acid, 70—71, 142 
physical properties of, 75 
substituted, synthesis of, 850-853 
Acetoacetic ester synthesis, 845—850 
acylation, 849 
dialkylation, 845-846 
substituted methyl ketones, 846—847 
Acetone, 6, 75, 729 
Acetonides, 1016 
Acetonitrile, 72 
Acetyl-coenzyme A, 792 
Acetyl group, 731 
Acetylcholine, 923-924 
Acetylcholinesterase, 924, 1122 
Acetylenes, 34, 55, 154, 286, 321 
Acetylenic hydrogen atom, 154, 307 
of terminal alkynes, substitution of, 

310-312 
Achiral molecules, 192 
Acid anhydrides, reactions of, 819-820 
Acid-catalyzed aldol condensations, 

880-88 1 
Acid-catalyzed aldol enolization, 835 
Acid-catalyzed halogenation, of aldehydes 

and ketones, 837 
Acid-catalyzed hemiacetal formation, 745 
Acid-catalyzed hydration, of alkenes, 

340-342, 353 
Acid chlorides, See Acyl chlorides 
Acid derivatives, synthesis of, 794 
Acid strength, 109 
Acid-base reactions, 115-118 

acids and bases in water, 102 

Brensted-Lowry acids and bases, 
101-102 

opposite charges attract, 103-104 

predicting the outcome of, 113-114 

and the synthesis of deuterium and tri- 

tium-labeled compounds, 130 

water solubility as the result of salt for- 

mation, 114-115 
Acidic hydrolysis of a nitrile, 810 
Acidity: 

effect of the solvent on, 125-126 
hybridization, 117-118 
inductive effects of, 118 


Acids: 


acetic, 70-71, 142 

alcohols as, 513 

aldaric, 1018-1019 

alkanedioic, 783 

a-amino, 1086, 1088, 1092-1094 

amino, 1084—1094 

aspartic, 1088, 1113 

benzoic, 70-71 

B-dicarboxylic, 816 

Brensted-Lowry, 101—102 

butanoic, 780 

carbolic acids, See Phenols 

carboxylic acids, 70—71, 779—830 

cholic acid, 1071 

conjugate acid, 101 

D-glucaric, 1017 

deoxyribonucleic (DNA): 1100-1101, 
1132-1133, 1155-1157 

dicarboxylic, 783—784 

diprotic, 102 

ethanoic, 142, 780 

fatty, 71, 313, 1052—1053, 1060-1073 

folic, 946 

formic, 70-71, 780 

fumaric, 380 

hexanoic, 780 

glutamic, 1088, 1113 

L-amino, 1086-1088 

Lewis, 102-104 

linoleic, 493 

maleic, 380 

malonic, 816 

meta-chloroperoxybenzoic (MCPBA), 
528 

methanoic, 780 

N-acetylmuramic, 1039, 1118 

N-acylamino, 1093-1094 

niacin (nicotinic acid), 1116 

nitric, 715 

nitrous, 935-937 

in nonaqueous solutions, 128-130 

nucleic, 81, 1132 

octadecanoic, 780 

omega-3 fatty, 1052-1054 

pantothenic, 1116 

pentanoic, 780 

peroxy (peracid), 528 

phosphatidic, 1074 

phosphoric, 1074 

pictric, 971 

ribonucleic (RNA), 1132, 1146-1154 

shikimic acid, 1048 

sialyl Lewis* acids, 1000 

strong acids, 743 

sulfuric acid, 101—102 

uronic acids, 1037-1038 

zaragozic acid A (squalestatin S1), 530 


Acrylonitrile, anionic polymerization of, 
489—490 
Actin, 162 
Activating groups, 691 
ortho-para directors, 692—693 
Activation energies, 472—475 
Active hydrogen compounds, 853—854 
Active methylene compounds, 853-854 
Active site, 1115 
Acyclovir, 1139 
Acyl chlorides (acid chlorides), 686, 785, 
794—796 
aldehydes by reduction of, 734—736 
reactions of, 795—796, 819 
synthesis of, 794—796 
using thionyl chloride, 795 
Acyl compounds: 
relative reactivity of, 793—794 
spectroscopic properties of, 787—789 
Acyl groups, 685 
Acyl halide, 685 
Acyl substitution, 779, 792—793, 831 
by nucleophilic addition-elimination, 
792-794 
Acyl transfer reactions, 792 
Acylation, 849 
Acylation reaction, 685 
Acylium ions, 432 
Adamantane, 175 
Addition polymers, 486, 817 
Addition reaction, 331—384 
of alkenes, 332—333 
Additions, 99 
Adduct, 617 
Adenosine diphosphate (ADP), 426 
Adenosine triphosphate (ATP), 266-267, 
426, 521 
Adenylate cyclase, 1136 
Adipocytes, 1055 
Adrenaline, 922 
Adrenocortical hormones, 1070 
Adriamycin, See Doxorubicin 
Aggregation compounds, 156 
Aglycone, 1011 
Aklavinone, 976 
Alanine, 1086 
isolectric point of, 1090 
titration curve for, 1091 
Albuterol, 505 
Alcohol dehydrogenase, 554 
Alcohols, 53, 65, 126, See also Primary 
alcohols; Secondary alcohols; 
Tertiary alcohols 
as acids, 513 
addition of: 
acetals, 747—750 
hemiacetals, 744—747 
thioacetals, 750 
alcohol carbon atom, 503 
from alkenes: 
through hydroboration-oxidation, 
347 
1-1 


|-2 Index 


through oxymercuration-demercura- 
tion, 344—347 
from alkyl hydrogen sulfates, 340 
and alkyl phosphates, 521 
boiling points, 505 
from carbonyl compounds, 548—584 
conversion of, into alkyl halides, 514 
dehydration of, 291, 297-303 
carbocation stability and the transi- 
tion state, 300—302 
ethanol, 502, 506, 507—508 
as a biofuel, 508 
ethylene, 508 
polymerization of, 487 
hydrogen bonding, 506 
infrared (IR) spectra of, 90 
intermolecular dehydration, ethers by, 
522-523 
mesylates, 518—521 
methanol, 258, 506, 507, 513 
nomenclature of, 148—149, 503—504 
oxidation of, 557—561 
physical properties of, 505—507 
primary, 65 
propylene glycols, 506, 508 
reactions of, 502—547 
with hydrogen halides, alkyl halides 
from, 514—517 
with РВгз or SOCL, alkyl halides 
from, 517—518 
by reduction of carbonyl compounds, 
552-561 
spectroscopic evidence for, 561 
structure of, 503-505 
synthesis of, from alkenes, 509—511 
tert-butyl ethers by alkylation of, 525 
tosylates, 518—519 
triflates, 518—519 


Aldaric acids, 1018-1019 
Aldehyde hydrates, 557 
Aldehydes, 69—70 


o, B-unsaturated, additions to, 889—894 

acid-catalyzed halogenation of, 837 

base-promoted halogenation of, 837 

carbonyl group, 730 

chemical analyses for, 761 

derivatives of, 761 

IR spectra of, 762—763 

mass spectra of, 764 

NMR spectra of, 763—764 

nomenclature of, 730—732 

nucleophilic addition to the 
carbon-oxygen double bond, 
741—744 

by oxidation of 1? alcohols, 733—734 

oxidation of primary alcohols to, 557 

by ozonolysis of alkenes, 734 

in perfumes, 733 

physical properties of, 732—733 

preparation of carboxylic acids by oxi- 
dation of, 789—790 

reduction by hydride transfer, 554 

by reduction of acyl chlorides, esters, 
and nitriles, 734—735 

relative reactivity, 743 

spectroscopic properties of, 762—764 


summary of addition reactions, 
765-766 
synthesis of, 733—738 
Tollens' test (silver mirror test), 761 
UV spectra, 764 
Alder, Kurt, 616, 620 
Alditols, 1022 
Aldol addition product, dehydration of, 
879 
Aldol addition reactions, 877 
Aldol additions, 876—877 
Aldol condensation reactions, 879 
Aldol condensations, 870, 877 
acid-catalyzed, 880—881 
crossed, 882-888 
cyclizations via, 888-889 
Aldol reactions, synthetic applications of, 
881—882 
Aldose, 1004, 1016 
Aldotetrose, 1004 
Aliphatic aldehydes, 730 
nomenclature of, 730 
Aliphatic compounds, 633 
Aliphatic ketones, nomenclature of, 731 
Alkadienes, 599—600 
Alkaloids, 908, 922 
Alkanedioic acids, 783 
Alkanes, 54, 138 
bicyclic, 175 
branched-chain, nomenclature of, 
143-145 
chemical reactions of, 177 
chlorination of, 467, 477—479 
combustion of, 491—492 
defined, 138 
IUPAC nomenclature of, 142-145 
multiple halogen substitution, 466 
no functional group, cause of, 63 
nomenclature and conformations of, 
137-185 
petroleum as source of, 138 
physical properties, 154—156 
polycyclic, 175 
reactions of, with halogens, 465—467 
reactions with halogens, 465—467 
shapes of, 140-141 
sources of, 138-139 
“straight-chain,” 140 
synthesis of, 177—178 
Alkatrienes, 599 
Alkene diastereomers, (E)-(Z) system for 
designating, 286-287 
Alkenes, 30, 54, 55, 138 
addition of sulfuric acid to, 340 
addition of water to, 340—342 
mechanism, 341—342 
addition reaction, 332—333 
alcohols from, through oxymercura- 
tion-demercuration, 344—347 
aldehydes by ozonolysis of, 734 
anti 1,2-dihydroxylation of, 535 
dipole moments in, 62 
electrophilic addition: 
of bromine and chlorine, 354—355 
defined, 333 
of hydrogen halides, 334—339 


functional group, 63 
halohydrin formation from, 360 
heat of reaction, 288-289 
hydrogenation of, 178-179, 313-314 
ionic addition to, 339 
ketones from, 739—740 
Markovnikov additions, 334 
regioselective reactions, 338 
Markovnikov's rule, 334—339 
defined, 334 
theoretical explanation of, 336-337 
mechanism for syn dihydroxylation of, 
363-364 
oxidation of, 363—365 
environmentally friendly methods, 
537 
oxidative cleavage of, 365—368 
physical properties of, 286 
preparation of carboxylic acids by oxi- 
dation of, 789 
properties/synthesis, 285—330 
radical addition to, 484—486 
radical polymerization of, 486—490 
rearrangements, 342-343 
relative stabilities of, 288—290 
stereochemistry of the ionic addition to, 
339 
stereospecific reactions, 358-359 
synthesis of alcohols from, 509-511 
use in synthesis, 540—541 
Alkenylbenzenes, 706, 712-713 
additions to the double bond of, 712 
conjugated, stability of, 712 
oxidation of the benzene ring, 713 
oxidation of the side chain, 713 
Alkenyne, 599 
Alkoxide ions, 129 
Alkoxides, 269 
Alkoxyl group, 71 
Alkoxyl radicals, 460 
Alkoxymercuration-demercuration, syn- 
thesis of ethers by, 525 
Alkyl alcohols, 504 
Alkyl aryl ethers, cleavage of, 973 
Alkyl chlorides, 264—265 
Alkyl chloroformates, 812-813 
Alkyl groups, 142 
branched, nomenclature of, 145—146 
and the symbol R, 63 
Alkyl halides, 64—67 
alcohol reactions with hydrogen 
halides, 514—517 
alcohol reactions with PBr; or SOCL, 
517-518 
conversion of alcohols into, 514 
dehydrohalogenation of, 268—269, 
291-297 
bases used in, 269 
defined, 268 
favoring an E2 mechanism, 291—292 
less substituted alkene, formation of, 
using bulky base, 294—295 
mechanism for, 269, 296-297 
orientation of groups in the transition 
state, 295-296 
Zaitsev rule, 292-294 


elimination reactions of, 268-269 
nomenclature of, 147 
Alkyl hydrogen sulfates, alcohols from, 
340 
Alkyl phosphates, 521 
Alkyl radicals, geometry of, 480 
Alkylation of alkynide anions, 312 
Alkylbenzenes: 
preparation of carboxylic acids by oxi- 
dation of, 790 
reactions of the side chain of, 706—711 
reactivity of, and ortho-para direction, 
705—706 
Alkylboranes: 
oxidation/hydrolysis of, 350-352 
regiochemistry and stereochemistry, 
351-352 
protonolysis of, 353-354 
Alkylcycloalkanes, 149 
Alkylcycloalkanols, 149 
Alkyllithium, 129-130 
Alkyloxonium ion, 126, 235 
Alkylpotassium compounds, 562 
Alkylsodium compounds, 562 
Alkynes, 34, 54, 55-56, 138, 286 
addition of hydrogen halides to, 
369-370 
addition reaction, 331—384 
functional group, 63 
hydrogenation of, 178-179, 315-317 
nomenclature of, 154 
oxidative cleavage of, 370 
physical properties of, 286 
synthesis of, 285-330 
by elimination reactions, 308-310 
laboratory application, 308-309 
terminal: 
acidity of, 307-308 
substitution of the acetylenic hydro- 
gen atom of, 310-312 
Alkynide anions, alkylation of, 312 
Allenes, 224—225, 599 
Allotropes, 176 
Allyl cation, 594—595 
Allyl group, 152-153 
Allyl radical, 586—590 
molecular orbital description of, 
591—592 
resonance description of, 592—593 
stability of, 590—593 
Allylic bromination: 
chemistry of, 590 
with N-bromosuccinimide, 589—590 
Allylic carbocations, 718 
Allylic chlorination (high temperature), 
587—589 
Allylic halides, 256 
Allylic hydrogen atom, 587 
Allylic substitution, 586—590 
a-amino acids, 1086, 1088 
synthesis of, 1092-1094 
from potassium phthalimide, 1092 
resolution of DL-amino acids, 
1093-1094 
Strecker synthesis, 1093 


a-aminonitrile, formation of, during 
Strecker synthesis, 1093 

а anomer, 1008 

а carbon, 832 

а carbon atom, 268 

а helices, 1110, 1112 

a hydrogens, 832 

a-keratin, 1112 

о substituents, 1065 

Altman, Sidney, 1115 

Amides, 72, 91, 785—786, 804—809 
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preparation of, through Curtius 
rearrangement, 932—933 
preparation of, through reduction of 
nitriles, oximes, and amides, 
929-931 
preparation of, through reductive 
amination, 927—929 
preparation of, through Hofmann 
rearrangement, 931-932 
quaternary ammonium salts, 919—920 
reactions of, 933—937 


from acyl chlorides, 804—805 
amines vs., 918-919 
from carboxylic acids and ammonium 

carboxylates, 806 
from carboxylic anhydrides, 805 
DCC-promoted amide synthesis, 807 
from esters, 806 
hydrolysis of, 807-809 

by enzymes, 808 

nitriles from the dehydration of, 809 
reactions of, 821 
reducing to amines, 927—929 
synthesis of, 804 


Amine salts, 915—933 
Amines, 68—70, 793, 911—963 


amides vs., 918-919 
amine salts, 915—933 
aminium salts, 919—920 
analysis of, 947—949 
in aqueous acids, solubility of, 915-933 
arenediazonium salts: 
coupling reactions of, 941—942 
replacement reactions of, 937—940 
aromatic, 916 
preparation of, through reduction of 
nitro compounds, 927 
basicity of, 915—933 
biologically important, 922-924 
2-phenylethylamines, 922 
antihistamines, 922-923 
neurotransmitters, 923-924 
tranquilizers, 923—924 
vitamins, 922—923 
chemical analysis, 947 
conjugate addition of, 892 
diazotization, 935—936 
heterocyclic, 913 
basicity of, 918 
infrared (IR) spectra of, 91 
nomenclature, 912—913 
physical properties of, 913-914 
preparation of, 924—933 
through Curtius rearrangement, 932 
through Hofmann rearrangement, 
931—932 
through nucleophilic substitution 
reactions, 924—927 
through reduction of nitriles, oximes, 
and amides, 929—931 
through reduction of nitro com- 
pounds, 927 
through reductive amination, 
927-929 
primary, 912 
oxidation of, 934 


oxidation, 934—935 
primary aliphatic amines with nitrous 
acid, 935 
primary arylamines with nitrous 
acid, 935 
secondary amines with nitrous acid, 
937 
tertiary amines with nitrous acid, 937 
reactions with sulfonyl chlorides, 
943—944 
as resolving agents, 920—921 
secondary, 912 
oxidation of, 934 
preparation of, through reduction of 
nitriles, oximes, and amides, 
929—93] 
preparation of, through reductive 
amination, 927—929 
spectroscopic analysis, 948—949 
structure of, 913-915 
summary of preparations and reactions 
of, 950-953 
tertiary, 912 
oxidation of, 934 
preparation of, through reduction of 
nitriles, oximes, and amides, 
929—93] 
preparation of, through reductive 
amination, 927—929 
Aminium salts, 919—920 
Amino acid sequencers, 1097 
Amino acids, 1084—1094 
a-amino acids, 1086, 1088 
synthesis of, 1092-1094 
as dipolar ions, 1089-1092 
essential, 1088 
L-amino acids, 1086—1088 
structures and nomenclature, 
1086-1089 
Amino cyclitol, 1042 
Amino sugars, 1039 
Aminobenzene, 634 
Ammonia, 793 
reaction of, with alkyl halide, 235 
shape of a molecule of, 38–39 
Ammonium compounds, eliminations 
involving: 
Cope elimination, 950 
Hofmann elimination, 949—950 
Ammonium cyanate, 2 
Ammonium ion, 14 
Ammonium salts, 915 
Ammonolysis, 803, 806 
Amphetamine, 68, 922 
Amylopectin, 1034—1035 
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Amylose, 1034 
Anderson, C. D., 1139 
Androsterone, 1068 
Aneshansley, D., 979 
Anet, F. A. L., 416 
Anethole, 502 
Angle strain, 162 
Angular methyl groups, 1065 
Aniline, 634, 694, 715-716 
Anionic polymerization, 534 
Annulenes, 644—646 
Anomeric carbon atom, 1009 
Anomeric effect, 1010 
Anomers, 1009 
Anthracene, 653 
Anti 1,2-dihydroxylation, of alkenes, 535 
Anti addition: 
defined, 315 
of hydrogen, 316-317 
Anti conformation, 160 
Anti coplanar conformation, 295 
Anti-Markovnikov addition, 339 
of hydrogen bromide, 484—486 
of water to an alkene, 351 
Anti-Markovnikov hydration of a double 
bond, 347 
Anti-Markovnikov syn hydration, 347 
Antiaromatic compounds, 650-651 
Antibodies, 1084, 1123 
Antibonding molecular orbital, 24, 37 
Anticodon, 1150 
Antigens, 1040-1041 
Antihistamines, 922—923 
Antimetabolites, 946 
Antioxidants, 494 
Antisense oligonucleotides, 1157 
Aprotic solvents, 260 
Arbutin, 1045 
Arbuzov reaction, 760 
Arenediazonium salts: 
coupling reactions of, 941—942 
replacement: 


by —F, 939 
by —I, 939 
by —OH, 939 


by hydrogen, 939—940 
replacement reactions of, 937—940 
Arenes, 706 
ketones from, 739—740 
Arenium ion, 678, 700—701 
Arginine, 1088, 1113 
Arly halides: 
1H NMR spectra, 988 
infrared spectra, 988 
as insecticides, 989 
mass spectra, 988 
and nucleophilic aromatic substitution, 
980-988 
by addition-elimination (SyAr 
mechanism), 981—982 
through an elimination—addition 
mechanism (benzyne), 984—987 
spectroscopic analysis of, 988 
Aromatic amines, preparation of, through 
reduction of nitro compounds, 927 
Aromatic compounds, 54, 632-675 


13C NMR spectra, 660-663 
benzene: 
discovery of, 633 
halogenation of, 680-681 
Kekulé structure for, 638—639 
modern theories of the structure of, 
640—643 
nitration of, 681—682 
nomenclature of benzene derivatives, 
634—636 
reactions of, 637 
sulfonation of, 682—683 
thermodynamic stability of, 639—640 
benzenoid, 651—654 
in biochemistry, 657—660 
Birch reduction, 719—720 
defined, 649 
electrophilic aromatic substitution reac- 
tions, 677 
general mechanism for, 678—680 
Friedel-Crafts acylation, 685—687 
Clemmensen reduction, 690—691 
synthetic applications of, 690—691 
Friedel-Crafts alkylation, 684—685 
Friedel-Crafts reactions, limitations of, 
687 
fullerenes, 654—655 
1H NMR spectra, 660 
heterocyclic, 655—657 
Hiickel’s rule, 643-651 
infrared spectra of substituted benzenes, 
663—664 
mass spectra of, 665 
nonbenzenoid, 654 
nucleophilic substitution reactions, 
allylic and benzylic halides in, 
717—719 
reactions of, 676—728 
reduction of, 719—720 
spectroscopy of, 660—665 
synthetic applications: 
orientation in disubstituted benzenes, 
716—717 
protecting and blocking groups, use 
of, 715-716 
Aromatic cyclodehydration, 721 
Aromatic ions, 647—648 
Artificial sweeteners, 1032-1033 
Aryl halides, 232, 267, 980—991 
properties of, 964 
Arylamines, basicity of, 916-918 
Ashworth, Linda, 1132 
Asparagine, 1088, 1113 
Aspartic acid, 1088, 1113 
Asymmetric atoms, See Chirality centers 
Atomic force microscopy (AFM), 655 
Atomic number (Z), 4, 197 
Atomic orbitals (AOs), 22, 24, 36 
hybrid, 26 
Atomic structure, 2—3 
and quantum mechanics, 20-21 
Atoms, 4 
Atropisomers, 219, 224 
Attractive electric forces, summary of, 82 
Aufbau principle, 23, 46 


Aureomycin, 976 

Automated peptide synthesis, 1108—1110 
Autoxidation, 493—494, 509 

Axial bonds, of cyclohexane, 167 


B 
B chains, 1102-1103 
Back-bonding, G-12 
Bacterial dehalogenation of a PCB deriva- 
tive, 983 
Baker, B. R., 1139 
Baker, J. T., 530 
Ball-and-stick models, 41 
Balzani, V., 166 
Barger, G., 707 
Barton, Derek H. R., 167 
Base-catalyzed hemiacetal formation, 746 
Base peak, 426 
Base-promoted halogenation, of aldehydes 
and ketones, 837 
Bases: 
acid—base reactions, 115-118 
Brensted-Lowry, 101—102 
conjugate base, 101 
heterocyclic bases, 1132-1133 
Lewis, 102-104, 106 
Mannich bases, 894 
in nonaqueous solutions, 128-130 
used in dehydrohalogenation of alkyl 
halides, 269 
Basic hydrolysis of a nitrile, 810-811 
Basic principles, applications of, 45—46, 
92, 131, 181 
Basicity: 
nucleophilicity vs., 258 
and polarizability, 275 
Bask peak, 426 
Bathorhodopsin, 609 
Beer's law, 608 
Benedict's reagents, 1016-1017, 1042 
Benzaldehyde, 731 
Benzene, 56-57, 632, 650 
discovery of, 633 
halogenation of, 680—681 
Kekulé structure for, 638—639 
meta-disubstituted, 663 
modern theories of the structure of, 
640—643 
molecular orbital explanation of the 
structure of, 641—643 
monosubstituted, 663 
nitration of, 681—682 
nomenclature of benzene derivatives, 
634—636 
ortho-disubstituted, 663 
para-disubstituted, 663 
reactions of, 637 
resonance explanation of the structure 
of, 640-641 
sulfonation of, 682—683 
thermodynamic stability of, 639-640 
Benzene ring, 632 
preparation of carboxylic acids by oxi- 
dation of, 790 
Benzene substitution, 636 
Benzenoid, 651—654 


Benzenoid aromatic compounds, 651—654 
Benzoic acid, 70—71 
Benzyl, 636 
Benzyl alcohol, 506 
Benzyl chloroformates, 813 
Benzyl group, 64 
Benzylic carbocations, 718 
Benzylic cations, 708—709 
Benzylic halides, 256 
Benzylic halogenation, 710 
Benzylic hydrogen atoms, 708 
Benzylic radicals, 708—711 
halogenation of the side chain, 709—710 
Benzylic substituent, 708 
Benzyne, 984—987 
Benzyne elimination-addition mechanism, 
985 
Berg, Paul, 1155 
Bergman cycloaromatization, 894 
Bergman, R. G., 894 
Bernal, J. D., 1067fn 
Bertrand, J. A., 1120 
Beryllium hydride, linear geometry of, 40 
Beta (8) carbon atom, 268 
P eliminations, 268 
P hydrogen atom, 268 
В-апотег, 1008 
P bends, 1113 
B-carotene, 865 
P configuration, 1112 
P-dicarbonyl compounds: 
by acylation of ketone enolates, 
875-876 
enolates of, 844—845 
B-dicarboxylic acids, 816 
B-keto acids, 815 
-pleated sheets, 1110, 1112 
P substituents, 1065 
Bhopal, India, methyl isocyanate accident, 
814 
BHT (butylated hydroxytoluene), 494 
Bicyclic alkanes, 175 
Bicycloalkanes, 150 
Bijvoet, J. M., 222 
Bimolecular reaction, 238 
BINAP ligands, 210, 224 
Biochemistry, aromatic compounds in, 
6577-660 
Biological methylation, 266 
Biologically active natural products, 357 
Biologically important amines, 922-924 
2-phenylethylamines, 922 
antihistamines, 922—923 
neurotransmitters, 923-924 
tranquilizers, 923-924 
vitamins, 922—923 
Biomolecules, mass spectrometry (MS) of, 
443 
Biphenyl, 724 
Birch, A. J., 719 
Birch reduction, 719—720 
Bloch, Felix, 386 
Boat conformation, 164—165 
Boduszek, B., 1120 
Boekelheide, V., 653 
Boiling points, 78—79 


of ionic compounds, 74—75 
Bombardier beetle, 979 
Bond breaking, as endothermic process, 
462 
Bond dissociation energies, 461—465 
Bond length, 24 
Bond-line formula, 41, 43—45 
Bonding molecular orbital, 24, 27, 31-32, 
37 
Bonding pairs, 38 
Born, Max, 21 
Borneol, 502 
Boron trifluoride: 
dipole moment, 61 
trigonal planar structure of, 39-40 
Bovine chymotrypsinogen, 1104 
Bovine ribonuclease, 1103 
Bovine trypsinogen, 1104 
Boyer, Paul D., 539 
Bradsher, C. K., 618 
Bradsher reaction, 721 
Branched alkyl groups, nomenclature of, 
145-146 
Branched-chain alkanes, nomenclature of, 
143-145 
Bromides, 264 
Bromine, 467 
addition to cis- and trans-2-butene, 359 
electrophilic addition of bromine to 
alkenes, 354—356 
reaction with methane, 475 
selectivity of, 479-480 
2-Bromobutane, 373 
Bromoform, 838 
Bromohydrin, 360 
Bromonium ion, 355 
Brensted-Lowry acids and bases, 
101-102, 312 
strength of, 109-113 
acidity and pK,, 110-111 
acidity constant (K,), 109-110 
predicting the strength of bases, 112 
Brénsted-Lowry theory, 103 
Brown, Herbert C., 347 
Buckminsterfullerene, 137, 176, 654 
1,3-Butadiene, 600—602 
bond lengths o, 600-601 
conformations of, 601 
molecular orbitals of, 601—602 
Butane, 140, 154 
conformational analysis of, 160—162 
Butanoic acid, 780 
Butanone, synthesis of 2-butanol by the 
nickel-catalyzed hydrogenation of, 
208 
Butenandt, Adolf, 1068 
Butlerov, Alexander M., 5 
Butyl alcohol, 506 


С 
IC NMR (сагроп-13) NMR 
Spectroscopy, 417—422 
broadband (BB) proton decoupled, 417 
chemical shifts, 418—420 
DEPT C NMR spectra, 420-422 
interpretation of, 417 


Index 1-5 


off-resonance decoupling, 420 
one peak for each magnetically distinct 
carbon atom, 417—418 
C-terminal residues, 1094, 1099 
Cahn, R. S., 197 
Cahn-Ingold-Prelog system of naming 
enantiomers, 196—201, 225, 286 
Calicheamicin yl. 492 
Calicheamicin y1! activation for cleavage 
of DNA, 894 
Camphene, 305 
Cannizzaro reaction, 864 
Cantharidin, 827 
Capillary electrophoresis, 1156 
Capillin, 55 
Carbaldehyde, 730 
Carbamates (urethanes), 812-813 
Carbanions, 3, 104—106, 550, 986 
Carbenes, 361—362 
Carbenoids, 362 
Carbocations, 104—106, 248-251 
relative stabilities of, 249—251 
structure of, 249 
Carbohydrates, 1000-1049, See also 
Disaccharides; Monosaccharides; 
Polysaccharides 
amino sugars, 1039 
carbohydrate antibiotics, 1042 
classification of, 1001—1002 
defined, 1001 
disaccharides, 1001, 1029—1033 
Fischer’s proof of the configuration of 
D-(+)-glucose, 1027-1029 
glycolipids and glycoproteins of the cell 
surface, 1040-1041 
glycoside formation, 1010-1013 
glycosylamines, 1038-1039 
as a major chemical repository for solar 
energy, 1002 
monosaccharides, 1001, 1004-1010 
mutarotation, 1009-1010 
oligosaccharides, 1001 
photosynthesis and carbohydrate metab- 
olism, 1002-1004 
polysaccharides, 1001, 1033-1037 
summary of reactions of, 1042 
trisaccharides, 1001 
Carbolic acids, See Phenols 
Carbon, 10 
chemistry of, 176 
Carbon compounds, 1 
alkyl halides (haloalkanes), 64—70 
amides, 72 
carboxylic acids, 70—71 
esters, 71 
families of, 53—97 
functional groups, 62-64 
hydrocarbons, 54-57 
nitriles, 72 
polar and nonpolar molecules, 60—62 
polar covalent bonds, 57—59 
Carbon dating, 4 
Carbon dioxide, 40—41 
Carbon tetrachloride, 232 
Carbon-carbon double bond, 30 
Carbonic acid, derivatives of, 812-814 
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Carbonic anhydrase, 1115, 1118-1119 
Carbon-oxygen double bond: 
nucleophilic addition of ketones to, 
741—744 
reversibility of nucleophilic additions 
to, 743 
Carbonyl compounds, 831—868 
acetoacetic ester synthesis, 845—850 
acidity of the a hydrogens of, 832-833 
active hydrogen compounds, 853—854 
alcohols by reduction of, 552—561 
alcohols from, 548—584 
condensation and conjugate addition 
reactions of, 869—910 
defined, 549 
enamines, synthesis of, 854—858 
haloform reaction, 838-839 
halogenation at the a carbon, 834—836 
Hell-Volhard-Zelinski (HVZ) reaction, 
839-841 
lithium enolates, 841—844 
oxidation and reduction of, 550 
racemization via enols and enolates, 
834—836 
reactions at the o carbon of, 831—868 
reactions of Grignard reagents with, 
565-566 
reactions with nucleophile, 550 
substituted acetic acids, synthesis of, 
850-853 
Carbonyl dichloride, 812 
Carbonyl functional groups, 548 
infrared (IR) spectra of, 89-90 
Carbonyl groups, 69—70 
nucleophilic addition to, 729—778 
stereoselective reductions of, 555—556 
Carboxyl group, 70 
activation of, 1107 
Carboxyl radicals, decarboxylation of, 816 
Carboxylate anion, 793 
Carboxylate salts, 781 
Carboxylic acid anhydrides, 796—797 
reactions of, 797 
synthesis of, 796 
Carboxylic acid derivatives, 780 
Carboxylic acids, 70—71, 779-830 
a-halo, 839-841 
acidity of, 121—125, 781—782 
acyl chlorides, 785 
acyl compounds: 
chemical tests for, 816 
spectroscopic properties of, 787—789 
acyl substitution, 792—794 
amides, 785—786, 804—809 
carboxylic anhydrides, 785 
decarboxylation of, 814—816 
dicarboxylic acids, 783—784 
esterification, 797—802 
esters, 784—785 
infrared (IR) spectra of, 90—91 
lactams, 811 
lactones, 802-804 
nitriles, 786—787 
nomenclature, 780—781 
nucleophilic addition-elimination at the 
acyl carbon, 792—794 


oxidation of primary alcohols tooxida- 
tion of primary alcohols to, 
557-558 
physical properties, 780—781 
polyamides, 817—818 
polyesters, 817-818 
preparation of, 789—792 
reactions of, 818-819 
Carboxylic anhydrides, 785 
Carboxypeptidase A, 1115 
Carboxypeptidases, 1099 
Carcinogenic compounds, 660 
Carcinogens, and epoxides, 533—534 
Carotenes, 1063-1064 
Carrier ionophore, 539 
Carvone, 194, 205 
Catalytic antibodies, 1123-1124 
Catalytic asymmetric dihydroxylation, 365 
Catalytic cracking, 139 
Catalytic hydrogrenation, 314 
Catalytic triad, 1120 
Catenanes, 166, 167 
Cation-exchange resins, 1095 
Cationic oxygen atom, 969 
Celera Genomics Company, 1162 
Cellobiose, 1031—1032 
Cellulose, 1036-1037 
Cellulose derivatives, 1037 
Cellulose trinitrate, 1037 
Cephalins, 1075 
Chain-growth polymers, 486, 817 
Chain-initiating step, in fluorination, 475 
Chain-propagating steps, 475-476 
Chain reaction, 469 
Chain-terminating (dideoxynucleotide) 
method, 1155 
Chair conformation, 163-164 
Chair conformational structures, drawing, 
168 
Chargaff, Erwin, 1141 
Chauvin, Yves, G-6 
Chemical Abstracts Service (CAS), 142, 
175 
Chemical bonds, 7—9 
Chemical energy, 119, 120 
Chemical exchange, 415 
Chemical shift, 387—388, 400—401 
parts per million (ppm) and the 6 scale, 
401 
Chemotherapy, 944—945 
Chiral drugs, 209—211 
Chiral molecules, 190 
Fischer projections, 215-216 
not possessing chirality center, 224 
racemic forms (racemic mixture), 
207—208 
stereoselective reactions, 208—209, 374 
synthesis of, 207-211 
Chirality: 
biological significance of, 187—188, 
194-196 
importance of, 188 
in molecules, 187-188 
and stereochemistry, 186—188 
testing for, 195-196 
Chirality centers, 191—193, 225 


compounds other than carbon with, 224 
molecules with multiple, 211—215 
meso compounds, 213-214 
naming compounds with, 214—215 
proceeding with retention of configura- 
tion, 219-222 
Chitin, 1039 
Chloracne, 990 
Chloral hydrate, 746 
Chlordiazepoxide, 923 
Chloride ion, 793, 794 
Chlorination: 
of alkanes, 467, 477—479 
of methane: 
activation energies, 472-475 
energy changes, 470—480 
mechanism of reaction, 467—470 
overall free-energy change, 471—472 
reaction of methane with other halo- 
gens, 475-476 
Chlorine, 479 
electrophilic addition of bromine to 
alkenes, 354—355 
reaction with methane, 475 
Chlorine selectivity, lack of, 467—468 
Chlorobenzene, 980 
electrophilic substitutions of (table), 
695 
Chloroethane, 402—403 
physical properties, 75 
Chloroethene, 404 
Chloroform, 232, 838 
dipole moment, 62 
in drinking water, 839 
Chlorohydrin, 360 
Chloromethane molecule, dipole moment, 
61 
Chloromethane, physical properties, 75 
Chloromethylation, 829 
Chloroplasts, 1002 
Chlorpheniramine, 923 
Cholesterol, 211 
Cholic acid, 1071 
Choline, 266 
Cholinergic synapses, 923 
Chromate ester, formation of, 559 
Chromate oxidations, mechanism of, 
558-560 
Chromatography using chiral media, 223 
Chromic oxide, 560 
Chylomicrons, 1066 
Chymotrypsin, 1116, 1120-1121, 1130 
Chymotrypsinogen, 1120 
Cialis, 459 
Circulation of 7 electrons, 
shielding/deshielding by, 400 
Cis, 286 
cis-1-chloro-3-methylcyclopentane, 244 
Cis-trans isomers, of cycloalkanes, 189 
Cis-trans isomerism, 171—174 
cis 1,2-disubstituted cyclohexanes, 174 
cis 1,3-disubstituted cyclohexanes, 174 
cis 1,4-disubstituted cyclohexanes, 
172-173 
and conformational structures of cyclo- 
hexanes, 171—174 


trans 1,2-disubstituted cyclohexanes, 
174 
trans 1,3-disubstituted cyclohexanes, 
173-174 
trans 1,4-disubstituted cyclohexanes, 
171-172 
Cis-trans isomers, 33-34 
physical properties, 62 
Claisen condensation: 
crossed, 874—875 
defined, 870 
examples of, 870—871 
intramolecular, 873 
mechanism for, 871—872 
synthesis of B-keto esters, 870—875 
Claisen rearrangement, 977—978 
Claisen-Schmidt condensations, 883 
Cleavage: 
of ethers, 527—528 
with hot basic potassium permanganate, 
365-366 
with ozone, 366—368 
Clemmensen reduction, 690—691 
Codon, 1150 
Coenzymes, 1116 
Coenzymes Q (CoQ), 978-979 
Cofactor, 1116 
Coil conformations, 1110, 1113 
Collagen, 83 
Collision-induced dissociation, CID), 1100 
Combination bands, 86 
Combustion of alkanes, 491—492 
Competitive inhibitor, 1116 
Complete sequence analysis, 1099-1100 
Compounds, 2-3 
Concept maps, 47, 52 
Concerted reaction, 240 
Condensation reactions, 817, 870 
Condensations: 
acid-catalyzed aldol, 880—881 
aldol, 870, 877, 880-889 
Claisen, 870-875 
Claisen-Schmidt, 883 
crossed aldol, 882-888 
crossed Claisen, 874—875 
Darzens, 906 
Dieckmann, 873 
intramolecular Claisen, 873 
Condensed structural formulas, 42—43 
Configurations: 
inversion of, 265 
(R) and (S), 197 
relative and absolute, 220-221 
Conformational analysis, 138, 157 
of butane, 160—162 
hyperconjugation, 158-159 
of methylcyclohexane, 168-170 
performing, 158-160 
Conformational stereoisomers, 161, 219 
Conformations, 157 
eclipsed, 158 
staggered, 158 
Conformer, 157 
Conjugate acid, 101 
Conjugate acid-base strengths, summary 
and comparison of, 124 


Conjugate addition, 889 
reactions, 870, 882 
Conjugate base, 101 
Conjugated dienes: 
electrophilic attack on, 612-616 
stability of, 602—604 
Conjugated double bonds, 599—600 
Conjugated proteins, 1122 
Conjugated unsaturated systems, 585—631 
alkadienes, 599—600 
allyl cation, 594—595 
allyl radical, 586—590 
allylic substitution, 586—590 
1,3-Butadiene/z0, 600—602 
conjugated dienes: 
electrophilic attack on, 612-616 
stability of, 602—604 
defined, 585 
Diels—Alder reaction, 616—624 
electron delocalization, 600—602 
polyunsaturated hydrocarbons, 599—600 
resonance theory, 595—599 
ultraviolet-visible spectroscopy, 
604—612 
Connectivity, 42 
Constitutional isomers, 6, 140, 188, 189 
Constructive interference, 20 
Cope elimination, 950 
Cope rearrangement, 978 
Corey, E. J., 319, 530, 620, 674, 844 
Corey, Robert B., 1111 
Corey-Posner, Whitesides-House reac- 
tion, G-1, G-8 
Corpus luteum, 1069 
Corrin ring, G-17-G-18 
Coulson, C. A., 644 
Couper, Archibald Scott, 5 
Coupling constants, 406, 410—412 
dependence on dihedral angle, 411—412 
reciprocity of, 410 
Coupling reactions, of arenediazonium 
salts, 941—942 
Coupling (signal splitting), 390—392 
Covalent bonds, 7 
formation of, 8 
homolysis and heterolysis of, 100, 460 
and Lewis structures, 8—9 
multiple, 9 
polar, 57—59 
and potential energy (PE), 120 
Cracking, 139 
Cram, Donald J., 538, 987 
Cresols, 965 
Crick, Francis, 1140-1142, 1146 
Crixivan, 317 
Cross peaks, 424 
Crossed aldol condensations, 882-888 
using strong bases, 886-888 
using weak bases, 883-886 
Crossed aldol reaction, 882 
Crossed Claisen condensation, 874—875 
Crown ethers, 537—539 
defined, 537 
as phase transfer catalysts, 538 
and transport antibiotics, 539 
Crutzen, P. J., 495 
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Cumulated double bonds, 599—600 
Cumulenes, 599 
Curl, R. F., 654-655 
Curtius rearrangement, preparation of 
amines through, 932 
alkylation of ammonia, 924—925 
alkylation of azide ion and reduction, 
925 
alkylation of tertiary amines, 927 
Gabriel synthesis, 925—926 
Curved arrows, 16 
illustrating reactions with, 106—107 
Cyanohydrins, 755—756 
preparation of carboxylic acids by 
hydrolysis of, 790, 790—791 
Cycles per second (cps), 605 
3’, 5? -Cyclic adenylic acid (cyclic AMP), 
1136 
Cyclic anhydrides, 796 
Cyclic compounds, stereoisomerism of, 
217-219 
Cyclizations, via aldol condensations, 
888-889 
Cycloalkanes: 
angle strain, 162 
cis-trans isomers of, 189 
disubstituted, 171—174 
higher, conformations of, 167 
naming, 149-151 
nomenclature of, 151—153 
physical properties, 154—156 
ring strain, 162—163 
synthesis of, 177—178 
torsional strain, 162 
Cycloalkenes, 290 
retro-Diels—Alder reaction, 435 
Cycloalkyalkanes, 150 
Cyclobutadiene, 57, 650 
Cyclobutane, 163 
Cyclocymopol enantiomers, 357 
Cycloheptane, 167 
Cycloheptatriene, 648 
Cyclohexane, 181 
conformations of, 163-165 
substituted, 167-168 
Cyclohexane derivatives, 217—219 
1,2-dimethylcyclohexanes, 218-219 
1,3-dimethylcyclohexanes, 218 
1,4-dimethylcyclohexanes, 217-218 
Cyclohexanol, 506 
Cyclohexene, 362, 639 
Cyclononane, 167 
Cyclooctadecane, 167 
Cyclooctane, 167 
Cyclooctatetraene, 644, 651 
Cyclooxygenase, 1074 
Cyclopentadiene, 619, 647 
Cyclopentadienyl anion, 651 
Cyclopentane, 163, 217-218 
Cyclopentanol, 506 
Cyclopropane, 162-163 
Cysteine, 1087—1088 
Cytosine methylation, 1164 
Cytosine-guanine base pair, 1131 
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D 
D-Glucaric acid, 1017 
D-Glucosamine, 1039 
d-Tubocurarine, 924 
D vitamins, 1070-1071 
Dacron, 817 
Dactylyne, 55, 331, 357 
D'Amico, Derin C., 865 
Darvon (dextropropoxyphene), 186, 209 
Darzens condensation, 906 
Dash structural formulas, 41—42, 47 
Daunomycin, 975—976 
Daunorubicin, 211 
de Broglie, Louis, 21 
Debye, Peter J.W., 58 
Deactivating groups, 691, 695 
Deacylases, 1093-1094 
Decalin, 175 
Decarboxylation, 754 
of carboxylic acids, 814—816 
Deconvolution, 1125 
Decyl alcohol, 81 
Degenerate orbitals, 23 
Degrees of freedom, 471 
Dehydration, 744 
of alcohols, 291, 297—303, 342 
carbocation stability and the transi- 
tion state, 300—302 
of aldol addition product, 879 
defined, 297 
intermolecular, 522-523 
of primary alcohols, 297—298 
mechanism for, 302 
rearrangement after, 306—307 
of secondary alcohols, 297—298, 300 
mechanism for, 299—302 
rearrangements during, 303-305 
of tertiary alcohols, 297—298, 300 
mechanism for, 299—302 
Dehydrobenzene, See Benyzne 
Dehydrohalogen, ation of vic-dibromides 
to form alkynes, 309-310 
Dehydrohalogenation, 99, 268—269 
of alkyl halides, 268—269, 291—297 
bases used in, 269 
defined, 268 
favoring an E2 mechanism, 291—292 
less substituted alkene, formation of, 
using bulky base, 294—295 
mechanism for, 269, 296—297 
orientation of groups in the transition 
state, 295-296 
Zaitsev rule, 292-294 
bases used in, 269 
defined, 268 
mechanisms of, 269 
Deinsertion, G-12 
Delocalization, and acidity of carboxylic 
acids, 122-123 
Delocalization effect, 123 
Delocalization: 
of a charge, 301 
of electrons, 57 
Deoxy sugars, 1038 
Deoxyribonucleic acid (DNA): 
defined, 1132 


determining the base sequence of, 
1155-1157 
DNA sequencing, 1100-1101, 1132 
by the chain-terminating method, 
1155-1157 
heterocyclic bases, 1132-1133 
microchips, 1162 
primary structure of, 1139-1140 
replication of, 1144—1146 
secondary structure of, 1140-1144 
DEPT spectra, 661 
DEPT "C NMR spectra, 420—422 
Deshielding, protons, 399-400 
Designer catalysts, 1084 
Deuterium atoms, 4 
Dextrorotary, use of term, 203 
Diacyl peroxide, 487 
Dialkyl carbonate, 812 
Dialkyl ethers, 527 
Dialkylation, 845—846 
Dialkylcarbodiimides, 806 
Diamond, 176 
Diamox, 1119 
Dianeackerone, 770 
Diastereomers, 189, 482, 920 
Diastereoselective reactions, 208, 556 
Diatomic molecules, 60 
1,3-Diaxial interaction, 169 
of a tert-butyl group, 170-171 
Diazo coupling reaction, 941 
Diazonium salts, 935 
syntheses using, 938 
Diazotization, 935-936 
deamination by, 939-940 
Diborane, 347 
Dibromobenzenes, 634 
Dibromopentane, 211—212 
Dibutyl ether, 507 
Dicarboxylic acids, 783—784 
Dicyclohexano-18-crown-6, 538 
Dicyclohexylcarbodiimide, 806, 1107 
Dieckmann condensation, 873 
Dielectric constants, 261 
Diels, Otto, 616, 620 
Diels—Alder reaction, 586, 616—624, 978, 
1084 
factors favoring, 618 
molecular orbital considerations favor- 
ing an endo transition state, 
621-622 
stereochemistry of, 618—620 
Diene, 617 
Dienophile, 617 
Diethyl] ether, 507, 509, 522 
physical properties, 75 
Difference bands, 86 
Digitoxigenin, 1071 
Dihalocarbenes, 362 
Dihedral angle, 158, 411 
1,2-Dihydroxylation, 363 
Diisobutylaluminum hydride (DIBAL-H), 
735 
Diisopropyl ether, 507 
Diisopropylcarbodiimide, 806, 1107 
Diisopropylphosphofluoridate (DIPF), 
1122 


1,2-Dimethoxyethane (DME), 507 
Dimethoxytrityl (DMTr) group, 1158 
Dimethyl ether, 67, 507 
intermolecular forces, 76 
Dimethylbenzenes, 635 
Dimethylcyclohexane, 219 
2,4-Dinitrofluorobenzene, 1099 
2,4-Dinitrophenylhydrazones, 752, 761 
Diols, 149 
Diosgenin, 1071 
1,4-Dioxane, 504—505, 507 
Dipeptides, 1094 
Dipolar ions: 
amino acids as, 1089—1092 
defined, 1089 
Dipole, 58 
Dipole moments, 58, 60, 92 
in alkenes, 62 
permanent, 75 
Dipole-dipole forces, 75—76 
Dipropyl ether, 507 
Diprotic acid, 102 
Dirac, Paul, 20 
Direct alkylation: 
of esters, 843 
of ketones, via lithium enolates, 
842—843 
Directed aldol reactions, 883 
and lithium enolates, 886-888 
Directive effect, 701 
Disaccharides, 1001, 1029—1033 
artificial sweeteners, 1032-1033 
cellobiose, 1031—1032 
lactose, 1033 
maltose, 1001—1002, 1030-1031 
sucrose, 1001—1002, 1029—1030 
Dispersion forces, 77—78, 92, 160-161 
Dispersive IR spectrometers, 84 
Dissolving metal reduction, 316 
Disubstituted benzenes, orientation in, 
716-717 
Disubstituted cycloalkanes, 171—174 
Divalent carbon compounds, 361—362 
Divalent, use of term, 5 
DL-amino acids, resolution of, 1093—1094 
DNA, See Deoxyribonucleic acid (DNA) 
DNA sequence, 1100-1101, 1132 
Doisy, Edward, 1068 
Dopamine, 68, 922 
Dot structure, 41 
Double-headed arrows (<>), 17 
Doublets, 392 
Downfield, use of term, 388 
Doxorubicin, 975—976 


E 
El reactions, 269, 271—273 
mechanism for, 272-273 
Syl reactions vs., 275 
E2 elimination, 311 
E2 reactions, 269-271 
mechanism for, 270-271 
Sy2 reactions vs., 273-275 
Eclipsed conformations, 158 
Edman degradation, 1097—1098 
Edman, Pehr, 1097 


Eisner, T., 979 
Electromagnetic spectrum, 604—606 
Electron deficient, 464 
Electron delocalization, 600—602 
Electron density surfaces, 29 
Electron-donating substituents, 693 
Electron impact (EI) ionization, 427, 
440-441 
Electron probability density, 21 
Electron-withdrawing effect of a phenyl 
group, 917 
Electron-withdrawing substituents, 693 
Electronegative groups, deshielding, 400 
Electronegativity, 8, 47 
Electronegativity differences polarize 
bonds (principle), 131 
Electronic spectra, 608 
Electrons, 4 
configurations, 22-23 
delocalization of electrons, 57 
energy of, 37 
sharing, 8—9 
Electrophiles, 105—106, 312, 357 
as Lewis acids, 333 
Electrophilic addition: 
of bromine and chlorine to alkenes, 
354-355 
defined, 333 
of hydrogen halides to alkenes, 
334—339 
Electrophilic aromatic substitution: 
effect of substituents on, 697—706 
electron-releasing and electron-with- 
drawing groups, 697—698 
inductive and resonance effects, 
698-699 
meta-directing groups, 700—701 
ortho-para-directing groups, 
701—705 


ortho-para direction and reactivity of 


alkylbenzenes, 705—706 
table, 696 

and thyroxine biosynthesis, 707 
Electrophilic aromatic substitutions, 973 
Electrospray ionization (ESI), 440, 441 

mass spectrometry (MS) with (ESI- 

MS), 1126 

with quadrupole mass analysis, 443 
Electrostatic potential, 104 

map, 17 
Elemental carbon, chemistry of, 176 
Elements, 2-4 

defined, 4 

electronegativities of, 7 

periodic table of, 3 
Eleutherobin, 357 
Elimination reactions, 269, 274, 744 

of alkyl halides, 268—269 

defined, 291 

synthesis of alkenes by, 291 

synthesis of alkynes by, 308—310 
Eliminations, 99 

В eliminations, 268 

1,2 eliminations, 268 
Elion, Gertrude, 1139 
Enal, 879 


Enamines, 751, 754—755 
synthesis of, 854—857 
Enantiomeric excess, 207 
Enantiomerically pure, use of term, 207 
Enantiomerism, 223 
Enantiomers, 188, 190 
naming, 196—201 
optical activity, 201—205 
origin of, 205-207 
plane-polarized light, 202 
polarimeter, 203 
specific rotation, 204—205 
Pasteur's method for separating, 223 
properties of, 201—202 
resolution, methods for, 223 


selective binding of drug enantiomers to 
left- and right-handed coiled DNA, 


211 
separation of, 223 
Enantioselective reactions, 208, 555 
Endergonic reactions, 240 
Endothermic reactions, 120, 461—462 
Energies of activation, 472—475 
Energy, 20 
defined, 119 
Energy state, 20 
Enol form, 833 
Enol tautomers, 833-834 
Enolate anions, 832-833 
Enolate chemistry, summary of, 857-858 
Enolates: 
of B-dicarbonyl compounds, 844—845 
conjugate addition of, 892-893 
defined, 832 
racemization via, 834—836 
reactions via, 834—841 
regioselective formation of, 842 
Enols (alkene alcohols), 832—833 
racemization via, 834—836 
reactions via, 834—841 
Enone, 879 
Enthalpies, 120 
Enthalpy change, 120 
Environmentally friendly alkene oxidation 
methods, 537 
Enzyme-substrate complex, 1115 
Enzymes, 208—209, 521, 1115 
resolution by, 223 
Epichlorohydrin (1-(chloromethyl)oxi- 
rane), 533 
Epimerization, 836 
Epimers, 836, 1023 
Epoxidation: 
alkene epoxidation, 529 
Sharpless asymmetric epoxidation, 
529-530 
stereochemistry of, 530 
Epoxides, 528—535 
acid-catalyzed ring opening of, 531 
anti 1,2-dihydroxylation of alkenes via, 
535 
base-catalyzed ring opening of, 
531-532 
carcinogens and biological oxidation, 
533-534 
defined, 528 
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epoxidation, 528-530 
polyethers from, 534—535 
reactions of, 531—535 
synthesis of, 528-529 
Equatorial bonds, of cyclohexane, 167 
Equilibrium, 17 
Equilibrium constant (Keg), 109 
Erythromycin, 976 
Eschenmoser, A., 318, 620, G-17 
Essential amino acids, 1088 
Essential nutrients, 946 
Essential oils, 1061 
Esterifications, 797—802 
Fischer, 797 
transesterification, 800 
Esters, 71, 784—785 
from acyl chlorides, 799 
aldehydes by reduction of, 734—737 
amides from, 806 
from carboxylic acid anhydrides, 
799-800 
direct alkylation of esters, 843 
esterification, 797—802 
acid-catalyzed, 798—800 
reactions of, 820 
saponification, 800-802 
synthesis of, 797—802 
Estradiol, 966, 1068, 1069 
Estrogens, 1068 
synthetic, 1069 
Ethanal, 729 
Ethane: 
bond length, 36 
carbon-carbon bond of, 57 
physical properties, 75 
radical halogenation of, 477 
sp? hybridization, 30 
structure of, 28—29 
Ethanoic acid, 142, 780 
Ethanol, 502, 506, 507—508 
as a biofuel, 508 
Ethanoyl group, 731 
Ethene, 55 
anionic polymerization of, 489 
physical properties, 75 
radical polymerization of, 487—488 
Ethene (ethylene), 30 
bond length, 36 
Ethers, 67, See also Epoxides 
alkyl aryl, cleavage of, 973 
boiling points, 505 
cleavage of, 527—528 
crown, 537-539 
cyclic, naming, 504 
dialkyl, 527 
diethyl, 75, 507, 509, 522 
diisopropyl, 507 
dimethyl, 67, 76, 507 
dipropyl, 507 
as general anesthetics, 67 
hydrogen bonding, 506 
by intermolecular dehydration of alco- 
hols, 522—523 
nomenclature, 503-504 
oxygen atom, 503 
physical properties of, 505—507 
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polybromodiphenyl (PBDEs), 991 
protecting groups, 525-526 
silyl, 526 
reactions of, 527—528 
synthesis of, 522-526 
by alkoxymercuration-demercura- 
tion, 525 
synthesis/reactions of, 502-547 
tert-butyl, by alkylation of alcohols, 
525 
Williamson synthesis of, 523-524, 
1014 
Ethinyl estradiol, 55 
Ethyl acetate, physical properties, 75 
Ethyl alcohol, 65 
physical properties, 75 
Ethyl bromide, 372 
Ethyl group, 63 
Ethyl methyl ether, 507 
Ethylamine, physical properties, 75 
Ethylbenzene, 706, 709 
Ethylene, 508 
polymerization of, 487 
Ethylene oxide, 505 
Ethyllithium, 129 
Ethyne: 
bond length, 36 
physical properties, 75 
sp“ hybridization, 34—35 
structure of, 34—35 
Ethyne (acetylene), 34, 55 
Ethynylestradiol, 1069 
Eucalyptol, 502 
Eugenol, 966 
Exchangeable protons, 415 
Excited states, 25 
Exergonic reactions, 240 
Exhaustive methylation, 1014 
Exons, 1147 
Exothermic reactions, 120, 461 
Extremozymes, 556 
(E)-(Z) system for designating, 286-287 


F 
Faraday, Michael, 633 
Farnesene, 378 
Fat substitutes, 1055-1056 
Fats, 1052, 1054 
Fatty acids, 71, 313, 1052-1053, 
1060-1073 
composition, 1054 
omega-3, 1052-1054 
reactions of the carboxyl group of, 
1059 
saturated, 1052 
unsaturated, 1052 
reactions of the alkenyl chain of, 
1059 
Fehling's solution, 1016 
Fibrous tertiary structures, 1114 
First-order spectra, 415 
Fischer, Emil, 1005—1006, 1027—1029, 
1115 
Fischer esterifications, 797 
Fischer projections, 1006 
defined, 215-216 


Index 


drawing/using, 216—217 
Fleet, G.W. J., 1048 
Fleming, Alexander, 1116-1117 
Floss, H., 1048 
Fluoride anion, 259 
Fluorination, chain-initiating step in, 475 
Fluorine, 681 
electronegativity of, 8 
reaction with methane, 475 
Fluorobenzene, 681 
Fluorocarbons, boiling point, 78 
Folic acid, 946 
Formal charges, 47 
calculating, 13-14 
summary of, 15 
Formaldehyde, 18, 730 
bond angles, 70 
Formic acid, 70—71, 780 
Formyl group, 731 
Fourier transform, 398 
Fourier transform infrared (FTIR) spec- 
trometer, 84 
Fourier transform NMR spectrometers, 
397-398 
Franklin, Rosalind, 1140 
Free-energy change: 
for the reaction, 240 
relationship between the equilibrium 
constant and, 120-121 
Free energy of activation, 240 
Free induction decay (FID), 398 
Free radicals, See Radicals 
Freons, 495 
Frequency (р), 604 
Frequency of radiation, 84 
Friedel, Charles, 684 
Fructose, 1001 
Fructosides, 1010 
Fullerenes, 176, 654—655 
Fumaric acid, 380 
Functional group interconversion (func- 
tional group transformation), 


262-264 
Functional groups, 59, 62-64 
defined, 62 
Furan, 657 
Furanose, 1008 
G 
Gabriel synthesis of amines, 925—926, 


1092 

Galactan, 1033 

Gamma globulin, 1104 

Gas chromatography (GC), 386 

Gates, M., 620 

Gauche conformations, 160 

Gauche interaction, 169 

GC/MS (gas chromatography with mass 
spectrometry), 441, 442—443 

analysis, 442—443 

Gel electrophoresis, 1125 

Gelb, M. H., 1104fn 

gem-diols, 746 

Geminal dihalide (gem-dihalide), 310 

Geminal diol (gem-diol), 746 

Genes: 


defined, 1146 
location of, for diseases on chromo- 
some 19 (schematic map), 1133 
Genetic code, 1150-1152 
Genetics, basics of, 1132 
Genomics, 1126-1128 
Gentamicins, 1042 
Geometric specificity, 1115 
Geranial, 379 
Gibbs free-energy change, 120fn 
Gibbs, J. Willard, 120fn 
Gilbert, G., 1155 
Gilman reagents, G-1 
using in coupling reactions, G-8 
Globular tertiary structures, 1114 
Glucan, 1033 
Glucoside, 1010 
Glutamic acid, 1088, 1113 
Glutamine, 1088, 1113 
Glutathione, 1101 
Glycans, See Polysaccharides: 
Glyceraldehyde-3-phosphate dehydroge- 
nase (GAPDH), 659 
Glyceraldehyde-3-phosphate (GAP), 831 
Glycerol, 506 
Glycidic ester, 906 
Glycine, 1086 
Glycogen, 1035-1036 
Glycolipids, 1040-1041 
Glycols, 149, 363 
Glycolysis, 831 
Glycoproteins, 1040-1041 
Glycoside formation, 1010-1013 
Glycosides, 1010 
Glycosylamines, 1038-1039 
Glycylvalylphenylalanine, 1095 
Goodman, L., 158, 1139 
Gramicidin, 539 
Graphite, 176 
Grignard reagents, 563 
alcohols from, 566—568 
Grignard synthesis, planning, 569—570 
preparation of carboxylic acids by car- 
bonation of, 791 
reactions with carbonyl compounds, 
565-566 
reactions with epoxides (oxiranes), 565 
restrictions on the use of, 572-573 
Grignard, Victor, 563 
Ground state, 26 
Group numbers, atoms, 5 
Grubbs' catalysts, G-1, G-5-G-7 
Grubbs, Robert, G-6 


H 
Half-chair conformations, 165 
Halo alcohol, 359 
a-Haloalcohols, 545 
Haloalkanes, 64—67 
Halocycloalkanes, 149 
Haloform reaction, 839 
Halogen addition, mechanism of, 355—358 
Halogen atoms, 460 
Halogen molecules, 460 
Halogen substituents, 695 
Halogens: 


compounds containing, 180 
reactions of alkanes with, 465—467 
Halohydrin: 
defined, 359 
formation, 359—361 
mechanism for, 360 
Halomon, 357 
Halonium ions, 356 
Haloperoxidases, 357 
Halothane, 509 
Hammond-Leffler postulate, 256-257, 
293, 301 
Haptens, 1123 
Harington, C., 707 
Harpp. D. N., 840 
Hassel, Odd, 167 
Haworth formulas, 1008 
Haworth, W. N., 1008fn 
HCN, conjugate addition of, 891 
Heat contents, 120 
Heat of hydrogenation, 288—289 
Heats of reaction, 288—289 
using homolytic bond dissociation ener- 
gies to calculate, 462—463 
Heck-Mizokori reaction, G-1, G-2, G- 
16-G-17 
Heisenberg uncertainty principle, 24 
Heisenberg, Werner, 20 
Hell—Volhard—Zelinski (HVZ) reaction, 
839-841 
Heme, 1122 
Hemiacetals, 744—747, 1008, 1042 
acid-catalyzed formation, 745 
base-catalyzed formation, 746 
Hemicarcerand, 987 
Hemoglobin, 1122-1124 
Henderson-Hasselbalch equation, 1090 
Heparin, 1039 
Heptyl alcohol, 506 
Hertz, H. R., 605fn 
Hertz (Hz), 410, 605 
Heteroatoms, 59 
Heterocyclic amines, 913 
basicity of, 918 
Heterocyclic aromatic compounds, 
655-657 
Heterogeneous catalysis, 313 
Heterolysis, 100, 131 
Heterolytically, use of term, 299 
Heteropolysaccharides, 1033 
Heterotopic atoms, 402 
Hexanoic acid, 780 
Hexose, 1004 
Hexyl alcohol, 506 
High-density lipoproteins (HDLs), 1066 
High-performance liquid chromatography 
(HPLC), 1096-1097 
High-resolution mass spectrometry, 
439—440 
Highest occupied molecular orbital 
(HOMO), 105, 609 
Hinsberg test, 943—944 
Hirst, E. L., 1008fn 
Histamine, 923 
Histidine, 1088 
Histrionicotoxin, 911, 924 


Hitchings, George, 1139 
Hodgkin, Dorothy, G-17 
Hofmann elimination, 920, 949—950 
Hofmann product, 296 
Hofmann rearrangement (Hofman degra- 
dation), preparation of amines 
through, 931—932 
Hofmann rule, 294, 950 
Homogeneous asymmetric catalytic hydro- 
genation, G-15-G-16 
Homogeneous catalysis, 313 
Homologous series, 155 
Homologues, 155 
Homolysis, 100, 460 
Homolytic bond dissociation energies 
(DH?), 461—465 
defined, 462 
using to calculate heats of reaction, 
462—463 
using to determine the relative stabili- 
ties of radicals, 463—465 
Homopolysaccharides, 1033 
Homotopic hydrogens, 401—402 
Hooke's law, 85 
Horner-Wadsworth-Emmons reaction, 
760—761, 771 
Host-guest relationship, 538 
Hot basic potassium permanganate, cleav- 
age with, 365—366 
Hückel's rule, 643—651, 653, 667 
annulenes, 644—646 
aromatic ions, 647—648 
diagramming the relative energies of 
orbitals in monocyclic conjugated 
systems based on, 643-644 
NMR spectroscopy, 646-647 
Huffman, D., 654 
Hughes, Edward D., 238 
Huheey, J. E., 200 
Human Genome Project, 1157, 1162 
Human genome, sequencing of, 1162 
Human hemoglobin, 1103 
Hund’s rule, 23, 46, 644 
Hybrid atomic orbitals, 26, 37 
Hybrid of resonance structures, 16 
Hybridization, and acidity, 117-118 
Hydrate formation, 746—747 
Hydrating ions, 80 
Hydration, of alkenes, 340-342, 353 
Hydrazones, 752-753 
Hydride ions, 550 
Hydroboration: 
defined, 347, 353 
mechanism of, 348—349 
stereochemistry of, 349-350 
synthesis of alkylboranes, 347—350 
Hydroboration-oxidation: 
alcohols from alkenes through, 347 
as regioselective reactions, 351—352 
Hydrocarbons, 138, 286 
IR spectra of, 87-89 
Hydrogen, 8 
anti addition of, 316—317 
syn addition of, 315-316 
Hydrogen abstraction, 460—461 
Hydrogen atoms, classification of, 147 
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Hydrogen bonds, 75-76, 77fn, 92 
formation of, 81—82 
Hydrogen bromide, 101 
anti-Markovnikov addition of, 484—486 
Hydrogen chloride, 101 
Hydrogen halides: 
addition to alkynes, 369—370 
electrophilic addition to alkenes, 
334-338 
Hydrogenases, 209 
Hydrogenation, 288—289 
of alkenes, 178—179, 313—314, 332 
of alkynes, 178-179, 315—317 
in the food industry, 313 
function of the catalyst, 314—315 
Hydrogenolysis, 773 
Hydrolysis, 209, 253 
acetals, 747—748 
of alkylboranes, 350—352 
regiochemistry and stereochemistry, 
351-352 
of amides, 807—809 
by enzymes, 808 
Hydronium ion, 102 
Hydrophilic, use of term, 81, 1057 
Hydrophobic effect, 81 
Hydrophobic, use of term, 81, 1057 
Hydroxide ion, 102 
Hydroxybenzene, 634 
3-Hydroxybutanal, 876 
Hydroxyl group, alcohols, 65 
Hydroxyproline, 1096 
4-Hydroxyproline, 1087 
Hyperconjugation, 158-159, 249—250, 256 


I 
Ibuprofen, 209 
Imines, 751-752 
Index of hydrogen deficiency (IHD): 
defined, 178 
gaining structural information from, 
178-180 
Indole system, 658 
Induced field, 399 
Induced fit, 1115 
Inductive effects, 131, 608—609, 702 
and acidity of carboxylic acids, 123 
of other groups, 124—125 
Industrial styrene synthesis, 709 
Infrared (IR) spectra, 90-91 
alcohols, 90 
amines, 91 
carbonyl functional groups, 89—90 
carboxylic acids, 90—91 
functional groups containing het- 
eroatoms, 89—90 
hydrocarbons, 87-89 
phenols, 90 
Infrared (IR) spectroscopy, 54, 83-87, 386 
defined, 83 
dispersive IR spectrometers, 84 
Fourier transform infrared (FTIR) spec- 
trometer, 84 
interpreting IR spectra, 87-91 
Infrared spectra, of substituted benzenes, 
663-664 
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Ingold, Sir Christopher, 238 
Inhibitors, 1116 
Initial ozonides, 367 
Initial rates, 238 
Insertion-deinsertion, G-12 
Insulin, 1102-1103 
Integration of signal areas, 390 
Interferogram, 84 
Intermediates, 98, 247 
Intermolecular dehydration: 
of alcohols, ethers by, 522-523 
complications of, 522-523 
Intermolecular forces (van der Waals 
forces), 75—76 
in biochemistry, 81–83 
dipole-dipole forces, 75-76 
dispersion forces, 77-78 
hydrogen bonding, 76 
organic templates engineered to mimic 
bone growth, 82-83 
solubilities, 79-81 
International Union of Pure and Applied 
Chemistry (IUPAC), 6fn, 142 
for naming alkanes, 142-145 
Intramolecular Claisen condensation, 873 
Introns, 1147 
Inversion, 239, 754 
Inversion of configuration, 265 
Iodide, 259 
Iodination, of methane, 476 
Iodine, reaction with methane, 475 
Iodomethane, 232 
Ion sorting and detection, 442 
Ion trap mass analyzers, 442 
Ion-dipole forces, 80 
Ionic bonds, 7-8 
Ionic compounds, 8 
ion-ion forces, 74—75 
Ionic reactions, 100, 230-284, 460 
carbocations, 248—251 
relative stabilities of, 249—251 
structure of, 249 
El reaction, 271—273 
E2 reaction, 269-271 
free-energy diagrams, 240—243 
leaving groups, 237 
nucleophiles, 234—237 
organic halides, 231—234 
Syl reaction, 246—248 
mechanism for, 247—248 
rate-determining step, 246—247 
52 reaction, 237-240 
measuring, 237-238 
mechanism for, 238—240 
stereochemistry of, 243-246 
transition state, 239—243 
temperature, reaction rate, and the 
equilibrium constant, 242-243 
Ionization, 427 
Ionophores, 539 
Ions, 7 
Ipatiew, W., 865 
Iron(IIT) halides (ferric halides), 103 
Isoborneol, 305 
Isobutane, 140 
Isobutyl alcohol, 506 


Isobutylene, polymerization of, 489 
Isoelectric focusing, 1127 
Isoelectric point, 1089—1090 
Isolable stereoisomers, 219 
Isolated double bonds, 599—600 
Isoleucine, 1087, 1113 
Isomaltose, 1045 
Isomers, 5-6 
subdivision of, 189 
Isooctane, 139 
Isopentane, 140 
Isoprene units, 1061—1062 
Isopropyl alcohol, 42, 506 
equivalent dash formulas for, 42 
Isopropyl group, 63 
Isopropylamine, 68 
Isopropylbenzene, 706 
Isotope-coded affinity tags (ICAT), 1127 
Isotopes, 4 


J 
Jones reagent, 558 
Joule (J), 120fn 
Jung, Michael E., 865 


K 
Kam, C. M., 1120 
Kanamycins, 1042 
Karplus correlation, 411 
Karplus, Martin, 411 
Katz, T., 667 
Kekulé, August, 5, 56, 638 
Kekulé structures, 56 
for benzene, 638—639 
Kekulé-Couper-Butlerov theory of 
valence, 633 
Ketene, 829 
Keto form, 832-833 
Keto tautomers, 833-834 
Ketone enolates, B-dicarbonyl compounds 
by acylation of, 875-876 
Ketones, 53—54, 69-70, 310 
a,B-unsaturated, additions to, 889-894 
acid-catalyzed halogenation of, 837 
from alkenes, arenes, and 2° alcohols, 
738-739 
base-promoted halogenation of, 837 
carbonyl group, 730 
chemical analyses for, 761 
derivatives of, 761 
direct alkylation of, via lithium eno- 
lates, 842-843 
IR spectra of, 762—763 
mass spectra of, 764 
from nitriles, 739—740 
NMR spectra of, 763—764 
nomenclature of, 730—732 
nucleophilic addition to the 
carbon-oxygen double bond, 
741—744 
oxidation of secondary alcohols to, 558 
in perfumes, 733 
physical properties, 732—733 
relative reactivity, 743 
spectroscopic properties of, 762—764 
summary of addition reactions, 
765-766 


synthesis of, 738—740, G-4 
Tollens’ test (silver mirror test), 761 
UV spectra, 764 
Ketopentose, 1004 
Ketose, 1004, 1016 
Kharasch, M. S., 484 
Kiliani-Fischer synthesis, 1023-1024, 
1042 
Kilocalorie of energy, 120 
Kinetic control, 293 
defined, 614 
thermodynamic control of a chemical 
reaction vs., 614—616 
Kinetic energy (KE), 119 
Kinetic enolate, formation of, 842 
Kinetic products, 614, 616 
Kinetic resolution, 209 
Kinetics, defined, 237 
Knowles, William S., 210, 365, G-15 
Kolbe reaction, 974—975 
Kossel, W., 7 
Krütschmer, W., 654 
Kroto, H. W., 654—655 
Kumepaloxane, 357 


L 
L-amino acids, 1086—1088 
Lactams, 811 
Lactones, 96, 802-804 
Lactose, 1033 
Ladder sequencing, 1100 
Langmuir-Blodgett (LB) films, 1060 
Laqueur, Ernest, 1068 
(3E)-Laureatin, 331, 357 
LCAO (linear combination of atomic 
orbitals) method, 25 
Le Bel, J. A., 6-7, 1027 
Leaving groups, 233, 236, 237 
ionization of, 257 
nature of, 262-264 
Lecithins, 1075 
Lehn, Jean-Marie, 538 
Lerner, Richard A., 1084 
Less substituted alkene: 
defined, 294 
formation of, using bulky base, 
294—295 
Leucine, 1086, 1113 
Leveling effect, 110, 308 
Levitra, 459 
Levorotatory, use of term, 203 
Lewis acid-base reactions, 131 
Lewis acid-base theory, 102—103 
Lewis acids, 102-104 
as electrophiles, 105, 333 
Lewis bases, 102-104 
as nucleophiles, 106 
Lewis, G. N., 7, 102-104 
Lewis structures, 18, 47 
and covalent bonds, 8-9 
defined, 9 
rules for writing, 9-10 
Ligands, G-8-G-9 
BINAP, 210, 224 
ligand exchange, G-11 
in transition metal complexes, G-10 


Like charges repel (principle), 46, 181 
Limonene, 194, 379 
Linalool, 863 
Lindlar's catalyst, 316 
Linear polymers, 1094 
Linoleic acid, 493 
Lipase, 209 
Lipid bilayers, 1075 
Lipids, 82, 1050-1083 
defined, 1050-1051 
fatty acids, 71, 313, 1052-1053, 
1060-1073 
glycolipids, 1078 


in materials science and bioengineering, 


1060 
phosphatides, 1074—1077 
phospholipids, 1074—1077 
prostaglandins, 1073-1074 
sphingosine, derivatives of, 1077—1078 
steroids, 1064—1073 
terpenes, 1061—1062 
terpenoids, 1061—1062 
triacylglycerols, 1052-1058 
waxes, 1078 
Lithium aluminum hydride, 553 
overall summary of, 554—555 
Lithium dialkyl cuprate reagents, G-1 
using in coupling reactions, G-8 
Lithium diisopropylamide (LDA), 841, 
875 
Lithium, electronegativity of, 8 
Lithium enolates, 841—844 
direct alkylation of ketones via, 
842—843 
and directed aldol reactions, 886-888 
regioselective formation of enolates, 
842 
Lithium tri-tert-butoxyaluminum hydride, 
735 
Lobry de Bruyn—Alberda van Ekenstein 
transformation, 1013 
Lock-and-key hypothesis, 1115 
London forces, See Dispersion forces 
Lone pairs, 38 
Loop conformations, 1110, 1113 
Loschmidt, Johann Josef, 638fn 
Low-density lipoproteins (LDLs), 1066 
“Low-resolution” mass spectrometers, 439 
Lowest unoccupied molecular orbital 
(LUMO), 105, 609 
Lucas, H. J., 545 
Lucite, 488 
Lycopene, 610 
Lycopodine, 908 
Lysine, 1088, 1113 
isolectric point of, 1091—1092 
Lysozyme, 1085, 1116-1120 


M 
Macrocyclic lactones, 803 
Macromolecules, 486 
Magnetic focusing, 442 
Magnetic resonance, 386 
Magnetic resonance imaging (MRI), in 
medicine, 425—426 


MALDI (matrix-assisted laser desorption 
ionization) mass spectrometry, 
441-442, 1126 
Maleic acid, 380 
Malonic acids, 816 
Malonic ester synthesis, 976 
of substituted acetic acids, 850-853 
Maltose, 1001—1002, 1030-1031 
Mannich bases, 894 
Mannich reaction, 894—895 
Mannosides, 1010 
Map of electrostatic potential (MEP), 59 
Markovnikov additions, 334 
anti-, 339 
exception to, 338-339 
regioselective reactions, 338 
Markovnikov's rule, 334—341 
defined, 334 
modern statement of, 337—338 
theoretical explanation of, 336-337 
Mass spectrometry (MS), 426-443, 1127 
bask peak, 426 
of biomolecules, 443 
determining molecular formulas and 
molecular weights using, 435—436 
electron impact (EI) ionization, 427, 
440-441 
with electrospray ionization (ESI), 440, 
441 
mass spectrometry (MS) with (ESI- 
MS), 1126 
fragmentation by cleavage of two 
bonds, 434—435 
GC/MS (gas chromatography with mass 
spectrometry), 441, 442—443 
high-resolution, 439—440 
instrument designs, 440—442 
ion sorting and detection, 442 
ion trap mass analyzers, 442 
magnetic focusing, 442 
matrix-assisted laser desorption-ioniza- 
tion (MALDI), 440, 441-442 
molecular formula, determining, 
436—439 
molecular ion, 426 
and isotopic peaks, 435—436 
peptide sequencing using, 1100-1101 
polypetides/proteins, 1125-1126 
quadrupole mass analyzer, 442 
time-of-flight (TOF) mass analyzer, 442 
Matrix-assisted laser desorption-ionization 
(MALDI), 440, 441-442 
Maxam, A., 1155 
Mayo, F. R., 484 
McLafferty rearrangement, 435, 764 
Meisenheimer intermediate, 982—983 
Melting point, 74—75, 77 
Menthol, 502 
Mercapto group, 658 
6-Mercaptopurine, 1139 
Merrifield, R. B., 830, 1108-1109 
Mescaline, 922 
Meso compounds, 213-214 
Messenger RNA (mRNA) synthesis, 1147 
Mesylates, 518—521 
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Meta-chloroperoxybenzoic acid 
(MCPBA), 528 
Meta directors, 692, 695 
Meta-disubstituted benzenes, 663 
Methane, 54 
chlorination of: 
activation energies, 472-475 
energy changes, 470—480 
mechanism of reaction, 467—470 
overall free-energy change, 471—472 
reaction of methane with other halo- 
gens, 475-476 
iodination, 476 
orbital hybridization, 25-26 
physical properties of, 75 
structure of, 26–28 
tetrahedral shape of, 6—7 
valance shell of, 38-39 
Methanide ion, 304 
Methanogens, 54 
Methanoic acid, 780 
Methanol, 258, 506, 507, 513 
Methanolysis, 253 
Methanoyl group, 731 
Methionine, 266, 1088, 1113 
Methoxide anion, 258 
Methyl alcohol (methanol), 65 
Methyl carbocation, 250 
Methyl cyanoacrylate, 490 
Methyl group, 63 
Methyl halides, 255 
Methyl ketones, synthesis of, 845-850 
Methyl salicylate, 966 
Methyl transfer reaction, 230 
Methylaminium ion, 112 
Methylbenzene, 634 
Methylcyclohexane, 181 
conformational analysis of, 168—170 
Methyldopa, 209 
Methylene chloride, 232 
Methylene group, 64 
Methylene, structure and reactions of, 361 
2-Methylhexane, retrosynthetic analysis 
for, 320 
Methyloxirane, 532 
2-Methylpropene, addition of HBr to, 337 
Micelles, 1057 
Michael additions, 855, 870, 892-893 
Michael, Arthur, 892 
Micrometers, 84 
Micromonospora echinospora, 492 
Micron, 605 
Millimicron, 605 
Mirror planes of symmetry, 195—196, 225 
Mitomycin, 1163 
Mitscherlich, Eilhardt, 633 
Mixed triacylglycerol, 1052 
Miyaura-Suzuki coupling, G-1, G-2-G-3 
Modern statement of Markovnikov's rule, 
337-338 
Molar absorptivity, 608 
Molecular formulas, 5 
determining, 436—439 
gaining structural information from, 
178-180 
Molecular handedness, 193 
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Molecular ion, 426 
depicting, 427—435 
and isotopic peaks, 435—436 
Molecular orbitals (MOs), 23-24, 36-37 
antibonding, 37 
bonding, 24, 27, 31—32, 37 
number of, 37 
theory, 47 
Molecular oxygen, 490-491 
Molecular recognition, 538 
Molecular structure determines properties 
(principle), 92 
Molecularity, 238 
Molecules, composition of, 8 
Molina, M. J., 495 
Molozonides, 367 
Monensin, 539 
Monomers, 486 
Mononitrotoluenes, 693 
Monosaccharides, 1001, 1004—1010 
aldaric acids, 1018—1019 
alditols, 1022 
aldonic acids, synthesis of, 1017-1018 
bromine water, 1017—1018 
carbohydrate synthesis, use of protect- 
ing groups in, 1014 
classification of, 1004 
conversion to cyclic acetals, 1016 
conversion to esters, 1015—1016 
D and L designations of, 1004–1005 
deoxy sugars, 1038 
enolization, 1013 
ethers, formation of, 1014—1015 
isomerization, 1013 
Kiliani-Fischer synthesis, 1023-1024 
nitric acid oxidation, 1018—1019 
oxidation reactions of, 1016—1021 
Benedict's reagents, 1016—1017 
Tollens’ reagents, 1016-1017 
oxidative cleavage of polyhydroxy 
compounds, 1020-1021 
periodate oxidations, 1020-1021 
reactions with phenylhydrazine, 
1022-1023 
reducing sugars, 1017 
reduction of, 1022 
Ruff degradation, 1025 
structural formulas for, 1005—1009 
synthesis and degradation of, 
1023-1025 
tautomerization, 1013 
uronic acids, 1037-1038 
Monosubstituted benzenes, 663 
Monovalent, use of term, 5 
Montreal Protocol, 495 
Moore, S., 1096 
Morphine, 922 
MRI (magnetic resonance imaging) scan, 
385 
MudPIT (multidimensional protein identi- 
fication technology), 1127 
Multiple covalent bonds, 9 
Murchison meteorite, 193 
Muscle action, chemistry of, 162 
Mutagens, 1146 
Mutarotation, 1009-1010 


Mycomycin, 381 
Myelin, 1078 
Myelin sheath, 1050 
Mylar, 817 
Mylotarg, 492 
Myoglobin, 1114 
Myosin, 137, 1112 
Myrcene, 378 


N 
N-Acetyl-D-glucosamine, 1039 
N-Acetylglucosamine, 1118 
N-Acetylmuramic acid, 1039, 1118 
N-Acylamino acids, 1093—1094 
N-Formylmethionine, 1151 
N-Methylmorpholine N-oxide (NMO), 364 
N-Nitrosoamines, 936-937 
N-terminal, 1094 
МАР“, 658-659 
NADH, 658-659 
Naming enantiomers, 196-201 
Nanoscale motors and molecular switches, 
166 
Nanotubes, 655 
Naphthalene, 653 
Naphthols, 965 
Natural products chemistry, 2 
Natural rubber, 1064 
Naturally occurring phenols, 966 
Nature prefers disorder to order (princi- 
ple), 131 
Nature prefers states of lower potential 
energy (principle), 131, 181 
Nature tends toward states of lower poten- 
tial energy (principle), 46 
Neighboring group effects, 545 
Neighboring-group participation, 282 
Neomycins, 1042 
Neopentane, 140, 147, 467 
boiling point, 78 
Neurotransmitters, 923—924 
Neutrons, 4 
Newman projection formula, 157 
Newman projections, 157-158 
Niacin (nicotinic acid), 1116 
Nicolaou, K. C., 492, 530, 617, 620 
Nicotinamide adenine dinucleotide, 658 
Nicotine, 68, 923 
Ninhydrin, 1095—1096 
Nitrate ion, 14 
Nitric acid, 715 
oxidation, 1018—1019 
Nitric oxide, 491 
Nitriles, 72, 786—787 

acidic hydrolysis of, 810 
aldehydes by reduction of, 734—737 
basic hydrolysis of, 810-811 
hydrolysis of, 809-810 
ketones from, 739—740 
preparation of carboxylic acids by 
hydrolysis of, 790 
reactions of, 821 
reducing to amines, 927—929 
Nitrogen, compounds containing, 180 
Nitrogen inversion, 915 
Nitrous acid: 


reactions of amines with, 935—937 
primary aliphatic amines, 935 
primary arylamines, 935 
secondary amines, 937 
tertiary amines, 937 

Nitrous oxide (laughing gas), 67 
Noble gas structure, 19 
Nodes, 20, 37 
Nodes of Ranvier, 1051 
Nonactin, 539 
Nonaqueous solutions, acids and bases in, 
128-130 
Nonaromatic compounds, 649—651 
Nonaromatic cyclohexadienyl carbocation, 
678 
Nonbenzenoid aromatic compounds, 654 
Nonbonding pairs, 38 
Nonpolar compounds, boiling point, 79 
Nonpolar molecules, 60 
Nonreducing sugars, 1017 
Noradrenaline, 922 
Norethindrone, 1069 
Novestrol, 1069 
Novrad (levopropoxyphene), 186, 209 
Noyori, Ryoji, 210, 365, 529-530, G-15 
Nuclear magnetic resonance (NMR) spec- 
trometry, 385—426, 1127 
ВС NMR (carbon-13) NMR spec- 
troscopy, 403, 417—422 
broadband (BB) proton decoupled, 
417 
chemical shifts, 418—420 
DEPT ?C NMR spectra, 420-422 
interpretation of, 417 
off-resonance decoupling, 420 
one peak for each magnetically dis- 
tinct carbon atom, 417—418 

chemical shift, 387—388, 400—401 

parts per million (ppm) and the à 
scale, 401 

chemical shift equivalent, 401—405 
heterotopic atoms, 402 
homotopic hydrogens, 401—402 

complex interactions, analysis of, 

412-414 
conformational changes, 416 
coupling (signal splitting), 390—392 
defined, 386 
diastereotopic hydrogen atoms, 404 
enantiotopic hydrogen atoms, 403—404 
first-order spectra, 415 
Fourier transform NMR spectrometers, 
397-398 

1H NMR spectra, 412, 416, 417, 423, 
425 

magnetic resonance imaging (MRI), 
425—426 

multidimensional NMR spectroscopy, 
422 

nuclear spin, 395—397 

proton NMR spectra: 
complicating features, 412 
interpreting, 392-395 
and rate processes, 415—417 

protons, shielding/deshielding, 399—400 

second-order spectra, 415 


signal areas, integration of, 390 
signal splitting, 405-414 
spin decoupling, chemical exchange as 
cause of, 415-416 
spin-spin coupling, 405-414 
coupling constants, 410—411 
origin of, 406—410 
splitting tree diagrams, 406—410 
vicinal coupling, 405—406 
splitting patterns, recognizing, 410—411 
two-dimensional NMR (2D NMR) 
techniques, 422-426 
COSY spectrum, 423-424 
heteronuclear correlation spec- 
troscopy (HETCOR or C-H HET- 
COR), 423, 424—425 
Nuclear magnetic resonance (NMR) spec- 
trum, 386 
Nuclear spin, 395—397 
Nucleic acids, 1132 
water solubility, 81 
Nucleophiles, 105—106, 233, 234—237, 
312 
defined, 234 
reactions of carbonyl compounds with, 
550 
Nucleophilic addition, 550 
Nucleophilic addition-elimination, 
792-794 
Nucleophilic substitution, 233 
reactions, 266-267 
allylic and benzylic halides in, 717—719 
Nucleophilicity, 258—259 
basicity vs., 258 
Nucleotides/nucleosides, 1039, 1133-1137 
laboratory synthesis, 1137-1139 
medical applications, 1139 
silyl-Hilbert-Johnson nucleosidation, 


137 
Nylon, 817 
O 
Octadecanoic acid, 780 
Octet rule, 7 


exceptions to, 11-12 
Octyl alcohol, 506 
Off-resonance decoupling, 420 
Oils, 1052, 1054 
Olah, George A., 249 
Olefiant gas, 286 
Olefins, 286 
metathesis, G-5-G-7 
Oleksyszyn, J., 1120 
Olestra, 1055-1056, 1082-1083 
Oligopeptides, 1094 
Oligosaccharides, 1001 
Olympiadane, 167 
Omega-3 fatty acids, 1052-1054 
Opposite charges attract (principle), 46, 
92, 131 
and acid-base reactions, 103-104 
Optical activity: 
origin of, 205-207 
plane-polarized light, 202, 225 
polarimeter, 203 


racemic forms (racemic mixture), 
206—207 
and enantiomeric excess, 207 
specific rotation, 204—205 
Optical purity, 207 
Optical rotatory dispersion, 205 
Optically active compounds, 201 
Orbital hybridization, 25—26 
Orbital overlap stabilized molecules (prin- 
ciple), 46 
Orbitals, 22 
Organic chemistry: 
defined, 1 
development of the science of, 2-3 
oxidation-reduction reactions in, 
550-552 
structural theory of, 5-7 
Organic compounds: 
as bases, 126-127 
families of, 72—74 
ion—ion forces, 74—75 
molecular structure, 73 
physical properties, 73 
Organic halides: 
defined, 232 
as herbicides, 990 
physical properties of, 232-233 
Organic molecules, 1 
Organic reactions, 98-136 
acid—base reactions, 115-118 
predicting the outcome of, 113-114 
and the synthesis of deuterium and 
tritium-labeled compounds, 130 
acidity, effect of the solvent on, 
125-126 
acids and bases in nonaqueous solu- 
tions, 128-130 
additions, 99 
Brensted-Lowry acids and bases, 
109-115 
carbanions, 104—106 
carbocations, 104—106 
carboxylic acids, acidity of, 121—125 
covalent bonds, homolysis and heterol- 
ysis of, 100 
electrophiles, 105-106 
eliminations, 99 
energy changes, 119-120 
illustrating using curved arrows, 
106-107 
intermediates, 98 
Lewis acids and bases, 102-104 
mechanisms, 99—102, 107, 127-128 
nucleophiles, 105-106 
organic compounds as bases, 126-127 
reaction mechanism, 98 
rearrangements, 100 
relationship between the equilibrium 
constant and the standard free- 
energy change, 120-121 
substitutions, 99 
Organic synthesis, 317—323 
defined, 317 
from inorganic to organic, 321 
planning, 318—319 
retrosynthetic analysis, 318—319 
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Organic vitamin, 2 
Organohalogen compounds, 232 
Organolithium compounds, 562—563 
reactions of, 563—566 
Organomagnesium compounds, 562—563 
reactions of, 563—566 
Organometallic compounds, 561—562 
Orientation, 608—609, 703 
Ortho-disubstituted benzenes, 663 
Orthogonal protecting groups, 1109-1110 
Ortho-para direction, and reactivity of 
alkylbenzenes, 705—706 
Ortho-para directors, 692—693, 933 
Osazones, 1022-1023 
Osmium tetroxide, 363, 365 
Oxetane, 504 
Oxidation: 
of alcohols, 557—561 
of alkenes, 363—365 
of alkylboranes, 350-352 
regiochemistry and stereochemistry, 
351-352 
defined, 551 
oxidation states in organic chemistry, 
551-552 
Oxidation-reduction reaction, 269 
Oxidative addition-reductive elimination, 
G-12-G-13 
Oxidative cleavage, 365-368 
of alkenes, 365—368 
of alkynes, 370 
Oxidizing agents, 551, 715 
Oximes, 752—753 
reducing to amines, 927—929 
Oxirane, 504, 507 
Oxonium cation, 743 
Oxonium ion, 126 
Oxonium salts, 527 
Oxygen, compounds containing, 180 
Oxymercuration-demercuration: 
alcohols from alkenes from, 344—347 
defined, 344, 353 
mechanism of oxymercuration, 
345-346 
rearrangements, 345 
regioselectivity of, 344—345 
Oxytocin, 1101-1102 
Ozone, cleavage with, 366-368 
Ozone depletion and chlorofluorocarbons 
(CFCs), 495 
Ozonides, 367 


P 
P-2 catalyst, 315 
p53 (anticancer protein), 1104 
P450 cytochromes, 533 
Paclitaxel (Taxol), 365 
Palindromes, 1155 
Pantothenic acid, 1116 
Paquette, Leo A., 176 
Para-disubstituted benzenes, 663 
Paraffins, 177 
Partial hydrolysis, 1099 

and sequence comparison, 1100-1101 

Pasteur, Louis, 223 
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Pasteur's method for separating enan- 
tiomers, 223 
Pauli exclusion principle, 23—24, 46 
Pauling, Linus, 1111 
Pedersen, Charles J., 538 
Penicillamine, 209 
Penicillinase, 812 
Penicillins, 811-812 
Pentane, 140, 506 
Pentanoic acid, 780 
Pentose, 1004 
Pentyl alcohol, 506 
Peptide bonds, 1094 
Peptide linkages, 1094 
Peptide synthesizers, 830 
Peptides, 1094 
chemical synthesis of, 830 
synthesis of, 1107—1108 
Perfumes, aldehydes in, 733 
Pericyclic reactions, 978 
Periodic table of the elements, 3 
Perkin, Jr., William, 861—862 
Permanent dipole moment, 75 
Peroxides, 460 
Peroxy acid (peracid), 528 
Perspex, 488 
Pettit, R., 645 
Petroleum, 138 
refining, 139 
Phase sign, 21 
Phase transfer catalysts, 538 
Phenacetin, 827 
Phenanthrene, 653 
Phenanthrols, 965 
Phenol, 634, 694 
Phenols, 503, 964—978, 980—991 
as acids, reactions of, 969—972 
bromination of, 973 
distinguishing/separating from alcohols 
and carboxylic acids, 971 
1H NMR spectra, 988 
industrial synthesis, 967—969 
infrared (IR) spectra of, 90 
infrared spectra, 988 
Kolbe reaction, 974—975 
laboratory synthesis, 967 
mass spectra, 988 
monobromination of, 973 
naturally occurring, 966 
nitration of, 974 
nomenclature of, 965 
physical properties of, 966 
properties of, 964 
reactions of the benzene ring of, 
973—974 
reactions with carboxylic acid anhy- 
drides and acid chlorides, 972 
spectroscopic analysis of, 988 
strength of, as acids, 969—971 
structure of, 965 
sulfonation of, 974 
synthesis of, 967—969 
in the Williamson synthesis, 972 
Phenyl groups, 64, 635 
Phenyl halides, 232 
unreactivity of, 267 


Phenylalanine, 1087, 1113 

Phenylalanine hydroxylase, 658 

Phenylation, 987 

Phenylethanal, infrared spectrum of, 763 

2-Phenylethylamines, 922 

Phenylhydrazones, 752 

Phenylosazones, 1022-1023 

Pheromones, 156-157, 379 

Phillips, David C., 1117 

Phosgene, 812 

Phosphatides, 1074—1077 

Phosphatidic acid, 1074 

Phosphatidylserines, 1075 

Phospholipids, 1074—1077 

Phosphoramidite, 1157-1158 

Phosphoranes, 757 

Phosphoric acid, 1074 

Phosphorus pentoxide, 809 

Phosphorus tribromide, 514 

Phosphorus ylides, 757—758 

Photons, 604 

Photosynthesis and carbohydrate metabo- 
lism, 1002-1004 

Phthalimide, 926 

Phytostanols, 1067 

Phytosterols, 1067 

Pi (7) bond, 31, 37 

Pi (7) complex, G-12 

Pictric acid, 971 

Pitsch, S., 1137 

Plane of symmetry (mirror plane), 
195-196 

Plane-polarized light, 202, 225 

Plaskon, R. R., 1120 

Plasmalogens, 1075 

Plexiglas, 488 

Polar aprotic solvents, 260—261 

Polar bonds, electronegativity differences 
as causes of, 92 

Polar covalent bonds, 57—59 

as part of functional groups, 59 

Polar molecules, 60 

Polarimeter, 201, 203 

Polarizability, 259, 275 

Polarized bonds underlie inductive effects 
(principle), 131 

Polyacrylonitrile, 488 

Polyamides, 817-818, 1085 

Polybrominated biphenyls and biphenyl 
ethers (PBBs and PBDEs), 
990-991 

Polybromodiphenyl ethers (PBDEs), 991 

Polychlorinated biphenyls (PCBs), 983, 
990 

Polycyclic alkanes, 175 

Polycyclic aromatic hydrocarbons (PAH), 
651 

Polyesters, 817—818 

Polyethers, from epoxides, 534—535 

Polyethylene, 486—488 

Polyethylene glycol (PEG), 505-506 

Polyethylene oxide (PEO), 505-506 

Polyketide anticancer antibiotic biosynthe- 
sis, 975—976 

Polymer polypropylene, 55 


Polymerase chain reaction (PCR), 1131, 
1158-1161 
Polymerizations, 486—488 
Polypeptides, 1094—1110, 1125-1126 
analysis of, 1125-1126 
hydrolysis, 1095—1097 
as linear polymers, 1094 
primary structure of, 1097-1101 
C-terminal residues, 1099 
complete sequence analysis, 
1099-1100 
Edman degradation, 1097—1098 
examples of, 1101—1104 
peptide sequencing using mass spec- 
trometry and sequence databases, 
1100-1101 
Sanger N-terminal analysis, 
1098-1099 
purification of, 1125 
synthesis of, 1104—1110 
activation of the carboxyl group, 
1107 
automated peptide synthesis, 
1108-1110 
peptide synthesis, 1107—1108 
protecting groups, 1105-1107 
Polysaccharides, 1001, 1033-1037 
cellulose, 1036-1037 
cellulose derivatives, 1037 
glycogen, 1035-1036 
heteropolysaccharides, 1033 
homopolysaccharides, 1033 
starch, 1034—1035 
water solubility, 81 
Polystyrene, 488 
Poly(tetrafluoroethene), 488 
Polyunsaturated fats/oils, 493, 1052 
Polyunsaturated hydrocarbons, 599-600 
Pophristic, V. T., 158 
Positive entropy change, 131 
Potassium permanganate, 363, 365 
Potential energy diagram, 159 
Potential energy (PE): 
and covalent bonds, 120 
defined, 119 
Powers, J. C., 1120 
Prenylated proteins, 1104 
Presnell, S., 1120 
Primary alcohols, 65 
chemical test for, 560—561 
dehydration of, 297—298 
mechanism for, 302 
rearrangement after, 306—307 
preparation of carboxylic acids by oxi- 
dation of, 789—790 
Primary alkyl halide, 64 
Primary amines: 
addition of, 751—755 
preparation of: 
through Curtius rearrangement, 
932-933 
through Hofmann rearrangement, 
931—932 
through reduction of nitriles, oximes, 
and amides, 929—931 


through reductive amination, 
927-929 
Primary carbocations, 250, 256 
Primary carbon, 65, 140 
atom, 64 
Primary halide, 274 
Primary structure: 
of polypeptides and proteins, 
1097-1101 
of a protein, 1085 
Primer, 1155-1156 
Prochirality, 556 
Progesterone, 1069 
Progestins, 1068-1069 
Proline, 1087, 1096 
Propene (propylene), 30, 55, 340 
Propyl alcohol, 506 
structural formulas for, 41 
Propyl group, 63 
Propylene glycols, 506, 508 
Propylene oxide alginates, 6 
Prostaglandins, 1073-1074 
Prosthetic groups, 1116, 1122 
Protecting groups, 575 
acetals, 749—750 
amino acids, 1105-1107 
ethers, 525—526 
orthogonal, 1109-1110 
tert-butyl ethers, 525 
Proteins, 1085, 1094—1126 
analysis of, 1125-1126 
conjugated, 1122 
defined, 1094 
prenylated, 1104 
primary structure of, 1085, 1097—1101 
C-terminal residues, 1099 
complete sequence analysis, 
1099-1100 
Edman degradation, 1097—1098 
examples of, 1101—1104 
peptide sequencing using mass spec- 
trometry and sequence databases, 
1100-1101 
Sanger N-terminal analysis, 
1098-1099 
proteomics, 1126-1128 
purification of, 1125 
quaternary structure, 1085 
secondary structure, 1085 
synthesis of, 1104—1110 
activation of the carboxyl group, 
1107 
protecting groups, 1105-1107 
tertiary structure, 1085 
water solubility, 81 
Proteome, 1133 
Proteomics, 1126-1128 
Protic solvent, 125, 259 
Proton NMR spectra: 
complicating features, 412 
interpreting, 392—395 
and rate processes, 415-417 
Protonated alcohol, 126, 299 
Protonolysis, of alkylboranes, 353-354 
Protons, 4 
Protons, shielding/deshielding, 399—400 


Purcell, Edward M., 386 

Purine-purine base pairs, 1141 
Pyramidal inversion, 915 

Pyranose, 1008 

Pyrene, 653 

Pyridoxal phosphate (PLP), 753 
Pyridoxine (vitamin Bg), 753-754 
Pyrimidine-pyrimidine base pairs, 1141 
Pyrolysis, 1064 

Pyrrole, 656 


Q 


Quadrupole mass analyzer, 442 

Quanta, 604 

Quantum mechanics, and atomic structure, 
20-21 

Quaternary ammonium hydroxides, 919, 
949 

Quaternary ammonium salts, 919—920 

Quaternary structure, of a protein, 1085, 
1114-1115 

Quinine, 922 

Quinones, 978-980 


R 
Racemic forms (racemic mixture), 
206-207 
апа enantiomeric excess, 207 
and synthesis of chiral molecules, 
208-209 
Racemization, 251—252 
via enols and enolates, 834—836 
Radical addition of a 7 bond, 461 
Radical addition, to alkenes, 484—486 
Radical anion, 317 
Radical cation, 427 
Radical halogenation, 465—467 
Radical polymerization, of alkenes, 
486—490 
Radical reactions, homolytic bond dissoci- 
ation energies (DH?), 461—465 
Radicals, 100, 459—501 
alkanes: 
chlorination of, 477—478 
combustion of, 491—492 
alkyl radicals, geometry of, 480 
antioxidants, 494 
autoxidation, 493 
bromine, selectivity of, 479—480 
chain reaction, 469, 484 
chlorination: 
of alkanes, 467 
of methane, 467—468 
chlorine selectivity, lack of, 467 
formation/production of, 460 
heats of reaction, using homolytic bond 
association energies to calculate, 
462—463 
methane chlorination, 475—476 
activation energies, 472-475 
overall free-energy change, 471—472 
reaction of methane with other halo- 
gens, 475-476 
molecular oxygen and superoxide, 
490-491 
multiple halogen substitution, 466 
nitric oxide, 491 
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radical halogenation, 465—467 
radical polymerization of alkenes, 
486—490 
reactions of, 460—501 
tetrahedral chirality centers, reactions 
that generate, 481—484 
using homolytic bond dissociation ener- 
gies to determine the relative sta- 
bilities of, 463-465 
Random coil arrangement, 1113 
Raney nickel, defined, 750 
Ras proteins, 1104 
Rate constant, 238 
Rate-determining step, 246—247, 335 
Rate-limiting step, 246—247 
Reaction coordinate, 240 
Reaction mechanism, 98 
Reagents: 
Benedict's, 1016-1017, 1042 
Gilman, G-1, G-8 
Grignard, 563, 565-570, 791 
Jones, 558 
lithium dialkyl cuprate, G-1, G-8 
Tollens’ reagents, 761, 1016-1017, 
1042 
Rearrangements, 100 
alkenes, 342—343 
during dehydration of primary alcohols, 
306-307 
during dehydration of secondary alco- 
hols, 303-305 
McLafferty rearrangement, 435 
organic reactions, 100 
oxymercuration—demercuration, 345 
Receiver coil, 397 
Reducing agent, 551 
Reducing sugars, 1017 
Reduction, 314 
defined, 550 
dissolving metal reduction, 316 
Reductive amination, preparation of pri- 
mary, secondary, and tertiary 
amines through, 927—929 
Reductive elimination, G-13 
Regioselectivity, of 
oxymercuration-demercuration, 
344—345 
Relative configuration, 220-221 
Relative potential energy, 119 
Relative probability, 20 
Relative reactivity, aldehydes vs. ketones, 
743 
Relative stability, 119 
Relaxation process, 426 
Relaxation times, 426 
Replacement nomenclature, defined, 504 
Replacement reactions, of arenediazonium 
salts, 937—940 
Resolution, 920 
by enzymes, 223 
kinetic, 209 
Resonance, 17 
Resonance effects, 608—609, 701—702 
Resonance effects can stabilize molecules 
and ions (principle), 131 
Resonance energy, 639, 641 
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Resonance stabilization, 18 
Resonance structures: 
estimating the relative stability of, 
597-598 
rules for writing, 595-597 
Resonance structures (resonance contribu- 
tors), 16 
rules for writing, 17-19 
Resonance theory, 15-20, 56, 595-599 
Restricted rotation, and the double bond, 
32-33 
Restriction endonucleases, 1155 
Retention times, 443 
Retinal (compound), 70, 609 
Retro-aldol reaction, 877-879 
in glycolysis, 878 
Retrosynthetic analysis, 318—320, 
371-372 
disconnections/synthons/synthetic 
equivalents, 372-374 
key to, 371 
stereochemical considerations, 373-375 
Retrosynthetic arrow, 319 
Reverse turns, 1113 
Rhodium, G-9 
Ribonucleic acid (RNA): 
defined, 1132 
genetic code, 1150-1152 
messenger RNA (mRNA) synthesis, 
1147 
and protein synthesis, 1146-1154 
ribosomal rRNA, 1148-1149 
RNA polymerase, 1147 
transcription, 1147 
transfer RNAs (tRNAs), 1148, 
1149-1150 
translation, 1152-1154 
Ribosomes, 1148-1149 
Ribozymes, 1115, 1148 
Ring flip, 167 
Ring fusion, 652 
Ring-opening olefin metathesis polymer- 
ization (ROMP), 1006 
RNA, See Ribonucleic acid (RNA) 
RNA polymerase, 1147 
Roberts, J. D., 415—417, 985 
Robertson, A., 674 
Robinson annulation, 893 
Robinson, Robert, 674, 893 
Rotaxanes, 166 
Rowland, F. S., 495 
R,S-system of naming enantiomers, 
196-201, 225 
assigning (R) and (S) configurations, 
197-198 
Ruff degradation, 1025 
Ruff, Otto, 1025fn 
Ruh-Pohlenz, C.,, 1137 
Ruthenium carbene complexes, G-5-G-7 


S 
s orbitals, 22, 36 
Salts, 8 
amine, 915—933 
aminium, 919—920 
arenediazonium, 937—942 


carboxylate salts, 781 
diazonium, 935, 938 
oxonium, 527 
quaternary ammonium, 919—920 
Sample matrix, 442 
Sandmeyer reaction, 938 
Sanger, Frederick, 1098, 1155 
Sanger N-terminal analysis, 1098—1099 
Saponification, 800—802 
of triacylglycerols, 1056-1058 
Saturated compounds, 54, 314 
Saturated fatty acids, 1052—1053 
Sawhorse formulas, 157 
(S)-BINAP ligand, 210, 224 
Schardinger dextrins, 1045 
Schrock, Richard, G-6 
Schrédinger, Erwin, 20 
Schultz, Peter G., 1084 
Schwann cells, 1050-1051 
SDS-PAGE (sodium dodecyl sulfate—poly- 
acrylamide gel electrophoresis), 
1125 
sec-butyl alcohol, 506 
Second chirality center, in a radical halo- 
genation, generation of, 482-484 
Second-order spectra, 415 
Secondary alcohols, 66 
chemical test for, 560—561 
dehydration of, 297—298, 300 
mechanism for, 299—302 
rearrangements during, 303-305 
Secondary alkyl halide, 64 
Secondary amines: 
addition of, 751—755 
preparation of: 
through reduction of nitriles, oximes, 
and amides, 929—931 
through reductive amination, 
927-929 
Secondary carbocations, 250, 256 
Secondary carbon, 64, 66, 140 
Secondary halides, 274 
Secondary orbital interaction, 621 
Secondary structure, of a protein, 1085 
Self-assembled monolayers (SAMs), 1060 
Semicarbazone, 771 
Sequence databases, peptide sequencing 
using, 1100-1101 
Serine, 1087, 1113 
Serine proteases, 1120-1122 
Serotonin, 922 
Sevin, 813 
Sex hormones, 1068-1070 
Sharing electrons, 8—9 
Sharpless asymmetric epoxidation, 
529-530 
Sharpless, Barry, 210 
Sharpless, K. B., 365, 529, G-15 
Shell process, 587 
Shells, 4 
Shielding, protons, 399—400 
1,2 shift, 304 
Shikimic acid, 1048 
Sialyl Lewis* acids, 1000 
Sickle-cell anemia, 1103 
Side chain: 


defined, 706 
halogenation of, 709 
Sigma bonds (a bonds), 37 
and bond rotation, 157—160 
Sigma (о) bonds, 28 
Signal splitting, 390—392 
silyl-Hilbert-Johnson nucleosidation, 
1137, 1163 
Simmons, H. E., 362 
Simmons-Smith cyclopropane synthesis, 
362 
Simple addition, 889 
Simple triacylglycerols, 1052 
Single-barbed curved arrows, 460 
Single bonds, 28 
Singlets, 392 
Site-specific cleavage, of peptide bonds, 
1100 
Skou, Jens, 539 
Smalley, R. E., 654—655 
Smith, D.C.C., 1047 
Smith, R. D., 362 
Syl reactions, 246-248 
El reactions vs., 275 
effect of the concentration and strength 
of the nucleophile, 258 
effect of the structure of the substrate, 
256 
factors affecting the rates of, 254—264 
mechanism for, 247—248 
rate-determining step, 246—247 
reactions involving racemization, 
251-252 
solvent effects on, 261 
solvolysis, 253 
stereochemistry of, 251—254 
Sy2 reactions, 237-240, 311 
E2 reactions vs., 273-275 
effect of the structure of the substrate, 
254—256 
functional group interconversion using, 
264—266 
measuring, 237-238 
mechanism for, 238—240 
reactions involving racemization, 
251-252 
solvent effects on, 259 
stereochemistry of, 243-246 
5цАг mechanism), 982 
Sodioacetoacetic ester, 845 
Sodium acetate, physical properties, 75 
Sodium alkynides, 310, 573-574 
Sodium amide, 308 
Sodium borohydride, 553—554 
overall summary of, 554—555 
Sodium ethynide, 310 
Sodium hydride, 849 
Sodium nitrite, 936 
Solid-phase peptide synthesis (SPPS), 
1108-1109 
Solubilities, 79-81 
water solubility guidelines, 81 
Solvating ions, 80 
Solvent effects, 259 
Solvolysis, 253 


Solvomercuration-demercuration, 346, 
525 
Sonogashira coupling, G-1, G-4-G-5 
sp orbitals, 36, 37 
sp? hybridization: 
ethane, 30 
ethyne, 34—35 
sp? orbitals, 30, 37 
sp? orbitals, 37 
Spackman, D. H., 1096 
Spectator ions, 102, 236 
Spectroscopy, defined, 386 
Sphingolipids, 1069 
sphingolipid storage diseases, 1051 
Sphingosine, derivatives of, 1077—1078 
Spin decoupling, chemical exchange as 
cause, 415-416 
Spin-lattice relaxation, 426 
Spin-spin coupling, 405-414 
coupling constants, 410—412 
dependence on dihedral angle, 
411-412 
reciprocity of, 410 
origin of, 406-410 
splitting tree diagrams, 406-410 
vicinal coupling, 405—406 
Spin-spin relaxation, 426 
Spiranes, 182 
Splitting patterns, recognizing, 410-411 
Splitting tree diagrams, 406—410 
splitting analysis for a doublet, 406 
splitting analysis for a quartet, 407—408 
splitting analysis for a triplet, 406—407 
Square planar configuration, G-9 
Stability, 119 
Stachyose, 1045 
Staggered conformations, 158 
Starch, 1034-1035 
STEALTH® liposomes, 1077 
Stein, W. H., 1096 
Step-growth polymers, 817 
Stephens-Castro coupling, 1003 
Stereocenters, See Chirality centers 
Stereochemistry, 186—229, 265 
and chirality, 186—188 
constitutional isomers, 188 
defined, 188 
diastereomers, 189 
enantiomers, 188, 190 
of epoxidation, 530 
of hydroboration, 349-350 
of the ionic addition, to alkenes, 339 
of 531 reaction, 251—254 
of 542 reaction, 243-246 
stereoisomers, defined, 188 
Stereogenic atoms, See Chirality centers 
Stereogenic carbon, 192 
Stereogenic center, 192 
Stereoisomerism, of cyclic compounds, 
217-219 
Stereoisomers, 33, 161, 171, 189 
defined, 188 
Stereoselective reactions, 208—210, 374 
Stereoselective reductions, of carbonyl 
groups, 555—556 


Stereospecific reactions, 358—359, 530, 
1115 
alkenes, 358-359 
Steric effect, 255 
Steric factors, 181 
Steric hindrance, 159—160, 181, 255 
Steroids, 909, 1064—1073 
adrenocortical hormones, 1070 
cholesterol, 1066—1068 
cholic acid, 1071 
D vitamins, 1070-1071 
defined, 1064 
digitoxigenin, 1071 
diosgenin, 1071 
reactions of, 1072-1073 
sex hormones, 1068-1070 
stigmasterol, 1071 
structure and systematic nomenclature 
of, 1065-1066 
Stigmasterol, 1071 
Stille coupling, G-1, G-3-G-4 
Stoddart, J. F., 166, 167 
Stork enamine reactions, 854—857 
Stork, Gilbert, 855, 866, 908 
Strecker synthesis, 1093 
Streptomycin, 1042 
Strong acids, 743 
Structural formulas, 5 
condensed, 42—43 
interpreting/writing, 41 
Structural isomers, 6fn 
Structural theory of organic chemistry, 5—7 
Stupp, S. I., 83 
Styrene, 488, 706 
Substituent effect, 124 
Substituents: 
classification of, 696 
effect on electrophilic aromatic substi- 
tution, 697 
Substituted acetic acids, synthesis of, 
850-853 
Substituted benzenes, infrared spectra of, 
663-664 
Substituted cyclohexanes, 167—168 
Substituted methyl ketones, 846-847 
Substitution reactions, 586 
Substitutions, 99 
Substrate, 233, 236 
Subtractive effect, 21 
Sucrose, 1001—1002, 1029—1030 
Suddath, F. L., 1120 
Suicide enzyme substrate, 895—898 
Sulfa drugs, 945-946 
synthesis of, 947 
Sulfacetamide, 946 
Sulfapyridine, 946 
Sulfonamides, 943 
Sulfonate ester derivative, 518 
Sulfonyl chlorides, reactions of amines 
with, 943-944 
Sulfur dioxide, dipole moment, 61 
Sulfuric acid, 101—102 
addition to alkenes, 340—342 
Sugars: 
amino, 1039 
deoxy, 1038 
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nonreducing, 1017 

reducing, 1017 
Sunscreens, 664—665 
Superacids, 110 
Superglue, 490 
Supernovae, 2 
Superoxide, 491 
Superposable, use of term, 33, 186 
Syn 1,2-dihydroxylation, 363 
Syn addition, 363 

defined, 315 

of hydrogen, 315-316 
Syn coplanar transition state, 295 
Synapses, 911 
Synthesis, planning, 370—375 
Synthetic detergents, 1057—1058 
Synthetic equivalent, 847 
Synthetic estrogens, 1069 
Synthons, 372 


T 
Tandem mass spectrometry (MS/MS), 
1100 
Tautomerization, 833-834 
Tautomers, 833—834 
Teflon, 488 
boiling point, 78 
Terelene, 817 
Terminal alkynes: 
acidity of, 307-308 
substitution of the acetylenic hydrogen 
atom of, 310—312 
Terminal residue analysis, 1097 
Terpenes, 1061-1062 
Terpenoids, 1061—1062 
Terramycin, 976 
tert-butyl alcohol, 506 
tert-butyl ethers: 
by alkylation of alcohols, 525 
protecting group, 525 
Tertiary alcohols: 
dehydration of, 297—298, 300 
mechanism for, 299—302 
Tertiary alkyl halide, 64 
Tertiary amine oxides, 950 
Tertiary amines, 912 
oxidation of, 934 
preparation of: 
through reduction of nitriles, oximes, 
and amides, 929—931 
through reductive amination, 
927-929 
preparation of, through reduction of 
nitriles, oximes, and amides, 
929-93] 
preparation of, through reductive ami- 
nation, 927—929 
reactions of, with nitrous acid, 937 
Tertiary carbocations, 250, 256 
Tertiary carbon, 64, 66, 140 
Tertiary halides, 274, 275 
Tertiary structure, of a protein, 1085, 1114 
Testosterone, 1068—1069 
Tetrachloroethene, dipole moment, 61 
Tetrachloromertensene, 357 
Tetracyclines, 966 
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Tetraethyllead, 562 
Tetrahedral carbon atoms, 37 
Tetrahedral chirality centers, reactions that 
generate, 481—484 
Tetrahedral intermediate, 792 
Tetrahedral vs. trigonal stereogenic cen- 
ters, 193 
Tetrahydrofuran (THF), 504—505, 507 
Tetramethylsilane, 400—401 
Tetravalent, use of term, 5 
Tetrose, 1004 
Thalidomide, 195 
Thermal cracking, 139, 474 
Thermodynamic enolate, 842 
formation of, 842 
Thermodynamic control, 614 
Thermodynamic products, 614, 616 
Thioacetals, 750 
Thiols, 1088 
Thionyl chloride, 514 
Thiophene, 657 
Three-dimensional formulas, 45—46 
Threonine, 1087, 1113 
Thymol, 966 
Thyroxine, 676 
Thyroxine biosynthesis, 681 
iodine incorporation in, 707 
Time-of-flight (TOF) mass analyzer, 442 
Toliprolol, 992 
Tollens' reagents, 761, 1016—1017, 1042 
Tollens' test (silver mirror test), 761, 772 
Toluene, 87, 634, 693, 706 
Tomasz, Maria, 1163 
Tool Kit for Organic Synthesis, 371 
Torsional barrier, 159 
Torsional strain, 159, 162 
Tranquilizers, 923-924 
Trans, 286 
trans-Cycloheptene, 290 
trans-Cyclohexene, 290 
trans-Cyclooctene, 290 
Transaminations, 754 
Transannular strain, 167 
Transcription, 1147 
Transesterification, 800 
Transfer RNAs (tRNAs), 1148, 1149-1150 
Transition metal complexes, G-8-G-9 
electron counting in, G-9-G-11 
Transition metal-catalyzed carbon-carbon 
bond-forming reactions, G-1 
Transition metals, defined, G-8 
Transition state, 239—243 
Translation, 1152-1154 
Triacylglycerols, 1052-1058 
biological functions of, 1055 
hydrogenation of, 1054—1055 
saponification of, 1056-1058 
Trialkylboranes, oxidation of, 351 
Trichloromethane, dipole moment, 62 
Triflate ion, 262 
Trigonal planar carbon atoms, 37 
Trigonal pyramid, 38 
Trigonal stereogenic centers, tetrahedral 
stereogenicceters vs., 193 
Trimethylene glycol, 506 
2,4,6-Trinitrophenol, 971 


Triose, 1004 
Tripeptides, 1094 
Triplets, 392 
Trisaccharides, 1001 
Tritium, 4 
Tropylium bromide, 649 
Tryptophan, 1087, 1113 
Tscherning, Kurt, 1068 
d-Tubocurarine chloride, 924 
Tumor suppressor, 1104 
Two-dimensional NMR (2D NMR) tech- 
niques, 422-426 
COSY spectrum, 423-424 
heteronuclear correlation spectroscopy 
(HETCOR or C-H HETCOR), 
423, 424-425 
Two-dimensional polyacrylamide gel elec- 
trophoresis (2D PAGE), 1127 
Tyrosine, 657, 966, 998, 1087, 1113 


U 
Ubiquinones, 978—979 
Ultraviolet-visible (UV-Vis) spec- 
troscopy, 604—612 
absorption maxima for nonconjugated 
and conjugated dienes, 608—611, 
609 
analytical uses of, 611 
electromagnetic spectrum, 604—606 
UV-Vis spectrophotometer, 606—608 
Unbranched alkanes, 140, 142 
boiling points, 155 
density, 156 
melting points, 155-156 
solubility, 156 
nfavorable entropy change, 81 
nimolecular reactions, 246 
nsaturated compounds, 54, 314 
nsaturated fatty acids, 1052 
reactions of the alkenyl chain of, 1059 
Unshared pairs, 38 
Upfield, use of term, 388 
Urea, 2 
Urethanes, 812-813 
Uronic acids, 1037—1038 
Urushiols, 966 
UV-A, UV-B, and UV-C regions, 664 


V 

Valence electrons, 4—5, 13 
Valence shell, 4 
Valence shell electron pair repulsion 

(VSEPR) model, 38, 47 
Valeric acid, 780 
Valine, 1086, 1113 
Valinomycin, 539 
Valium, 923 
van der Waals forces, 75-76 
van der Waals radii, 161 
van der Waals surface, 29, 59 
Vanillin, 502, 505 
van't Hoff, J. H., 6–7, 159, 1027 
Vasopressin, 1101—1102 
Vedejs, E., 758 
Viagra, 459 
Vibrational absorption, 85 
Vicinal coupling, 405—406 


Vicinal dihalide (vic-dihalide), 308, 354 
Vinyl chloride, 232 

anionic polymerization of, 489 
Vinyl group, 152-153, 232 
Vinylic anion, 317 
Vinylic halides, 232 

unreactivity of, 267 
Vision, photochemistry of, 609 
Vitalism, 2 
Vitamin A, 1064 
Vitamin B12, G-17-G-18 
Vitamin C, 494 
Vitamin D, 1070-1071 
Vitamin E, 494 
Vitamin K1, 979 
Vitamins, 922—923 

organic, 2 
Voet, D., 707, 1050fn, 1067 
Voet, J. G., 707, 1050fn, 1067 
Volume, atoms, 4 
von Hofmann, August W., 949 
Vorbrüggen, H., 1137 
Vulcanization, natural rubber, 1064 


УУ 
Walden inversions, 2395 
Walden, Paul, 239fn 
Walker, John E., 539 
Warmuth, R., 987 
Water: 
acid-catalyzed addition of, to alkenes, 
340-342 
tetrahedral structure for the electron 
pairs of a molecule of, 39 
Water solubility: 
guidelines, 81 
as the result of salt formation, 114—115 
Watson, James, 1140-1142, 1146 
Wave function (v), 20-21 
- and + signs of, 22 
Wave mechanics, 20 
Wavelength (A), 84, 604 
Wavenumbers, 84 
Waxes, 1078 
Weak nucleophiles, 743 
Whitmore, F., 299 
Wieland, Heinrich, 1067 
Wilkins, Maurice, 1140 
Wilkinson's catalyst, G-11, G-13-G-16 
Wilkinson's catalyst tris(triphenylphos- 
phine)rhodium chloride), 313 
Williams, L. D., 1120 
Williamson ether synthesis, 523—524, 
1014 
Williamson synthesis, phenols in, 972 
Willstátter, Richard, 639 
Windaus, Adolf, 1067 
Winstein, S., 545 
Withers, Stephen, 1118 
Wittig reaction, 757—758 
Horner-Wadsworth-Emmons reaction, 
760-761 
Wittig synthesis, how to plan, 758—759 
Wöhler, Friedrich, 2, 321 
Wood alcohol, See Methanol 
Woods, D. D., 946 


Woodward, R. B., 318, 620, 909, G-17 


X 
X-ray crystallography, 1127 
X-rays, 605 
Xylenes, 635 


Yates, John, 1127 


Ylides, addition of, 757—758 


Z-Ala, 830 
Zaitsev, A. N., 293 


Y 


Z 
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Zaitsev rule, 292—294, 304 

Zaragozic acid A (squalestatin S1), 530 
Ziegler-Natta catalysts, 488, 1064 
Zinc, 103 

Zingiberene, 180 

Zwitterions, 1089 


Carbon-Carbon 
Bond-Forming and Other 
Reactions of Transition Metal 
Organometallic Compounds 


"d = N 
LLTO 
Cl», Byes 
"m4 | ^ Ph 

PCy3 


Second generation Grubbs 
olefin metathesis catalyst 


A number of transition metal-catalyzed carbon-carbon bond-forming reactions have been 
developed into highly useful tools for organic synthesis. The great power of many transi- 
tion metal-catalyzed reactions is that they provide ways to form bonds between groups for 
which there are very limited or perhaps no other carbon-carbon bond-forming reactions 
available. For example, using certain transition metal catalysts we can form bonds between 
alkenyl (vinyl) or aryl substrates and sp?- or sp-hybridized carbons of other reactants. We 
shall provide examples of a few of these methods here, including the Heck-Mizokori reac- 
tion, the Miyaura-Suzuki coupling, the Stille coupling, and the Sonogashira coupling. 
These reactions are types of cross-coupling reactions, whereby two reactants of appro- 
priate structure are coupled by a new carbon-carbon с bond. 

Olefin metathesis is another reaction type, whereby the groups of two alkene reactants 
exchange position with each other. We shall discuss olefin metathesis reactions that are pro- 
moted by Grubbs’ catalyst. 

Another transition metal-catalyzed carbon-carbon bond-forming reaction we shall dis- 
cuss is the Corey—Posner, Whitesides—House reaction. Using this reaction an alkyl halide 
can be coupled with the alkyl group from a lithium dialkyl cuprate reagent (often called 
a Gilman reagent). This reaction does not have a catalytic mechanism. 

All of these reactions involve transition metals such as palladium, copper, and ruthe- 
nium, usually in complex with certain types of ligands. After we see the practical applica- 
tions of these reactions for carbon-carbon bond formation, we shall consider some general 
aspects of transition metal complex structure and representative steps in the mechanisms 
of transition metal-catalyzed reactions. We shall consider as specific examples the mech- 
anism for a transition metal-catalyzed hydrogenation using a rhodium complex called 
Wilkinson's catalyst, and the mechanism for the Heck—Mizokori reaction. 


G.1 Cross-Coupling Reactions Catalyzed by Transition Metals G-2 


G.1 Cross-Coupling Reactions Catalyzed by Transition Metals 


G.1A The Heck-Mizokori Reaction 


The Heck-Mizokori reaction involves palladium-catalyzed coupling of an alkene with an 
alkenyl or aryl halide, leading to a substituted alkene. The alkene product is generally trans 
due to a 1,2-elimination step in the mechanism. 


General Reaction 


SUR Pd Юзи 
Ваѕе “Base (amine), heat ), heat 


=I, Br, CI 
(in order У relative reactivity) 


Specific Example 


| 
PORE а ОИ (1 mol 96) 
Bu,N, 90° ^ вим, 90°C 


What product would you expect from each of the following reactions? Review Problem G.1 


NO2 


(a) 


Pd catalyst 
~ ^ CO?CHs 


Base (amine), heat 


Br 
(b) H3CO 
? 27 Pd catalyst 
>» 
+ Base (amine), heat 
CI 


What starting materials could be used to synthesize each of the following compounds by Review Problem G.2 


a Heck-Mizokori reaction? 
9n 
NC 


G.1B The Miyaura-Suzuki Coupling 


The Miyaura-Suzuki coupling joins an alkenyl or aryl borate with an alkenyl or aryl halide 
in the presence of a palladium catalyst. The stereochemistry of alkenyl reactants is preserved 
in the coupling. 


G-3 Special Topic G Carbon-Carbon Bond-Forming and Other Reactions 


General Reactions 


Pd Pa catalyst. 
pio о BOM T Ро ^ Base 


Alkenyl borate Aryl halide 
(or alkenyl halide) 


B(OH) 
or 2 PET 94 R? pg Irem, ond 
ase 


Aryl borate Alkenyl halide 
(or aryl halide) 


Specific Example 


HO вон), + 7 Е IM 
Um А EtONa, heat. heat 


Bombykol (a sex hormone 
released by the female silkworm) 


Review Problem G.3 What is the product of the following Miyaura-Suzuki coupling? 
Br Pd catal 
POF uera 67, B(OR)2 + GER, 
SS Base 
Review Problem G.4 What starting materials could be used to synthesize the following compound by a 


Miyaura-Suzuki coupling? 
O 


O 


G.1C The Stille Coupling and Carbonylation 


The Stille coupling is a cross-coupling reaction that involves an organotin reagent as one 
reactant. In the presence of appropriate palladium catalysts, alkenyl and aryl tin reactants 
can be coupled with alkenyl triflates, iodides, and bromides, as well as allylic chlorides and 


acid chlorides. 
General Reaction 


2 Pd catalyst 


х R 2 
p^ w^ + Rn w^ ———À ВЕ рг 


X = triflate, 
l, or Br 


G.1 Cross-Coupling Reactions Catalyzed by Transition Metals 


Specific Example 


СОЕ CO>Et 
| uu» PdCl,(MeCN), E 
rw DMF, 25°C 
SnBus p 


Ketones can be synthesized by a variation of the Stille coupling that involves coupling 
in the presence of carbon monoxide. The following reaction is an example. 


CO (50 psi) O 


| Pd(PhsP),CI, (1-2 mol %) 
Cr + виза“ ~ Em. | 4 


What is the product of each of the following reactions? 


(a) О 
Pd catalyst 
—————5 
| 
ге“ 


ЗпВиз 


(b) OTf SnBus 
LY KT Pd catalyst 
+ 9 
t-Bu F3C 
(c) OTf 
CO, Pd catalyst 
JC е ьн an 
tBu 


(d) О 


CI ~ Pd catalyst 
Изоп И 
a dip dos 
2 


What starting materials could be used to synthesize each of the following compounds by 
a Stille coupling reaction? 


AT QI 


G.1D The Sonogashira Coupling 


The Sonogashira coupling joins an alkyne with an alkenyl or aryl halide in the presence of 
catalytic palladium and copper. A copper alkynide is formed as an intermediate in the reac- 
tion. (When palladium is not used, the reaction is called the Stephens-Castro coupling, and 
it is not catalytic.) In addition to providing a method for joining an alkyne directly to an 
aromatic ring, the Sonogashira coupling provides a way to synthesize enynes. 


Review Problem G.5 


Review Problem G.6 


G-5 Special Topic G Carbon-Carbon Bond-Forming and Other Reactions 


General Reactions 


в—= H | X / Cul, Pd catalyst. — # 


| Base (an amine) 


Alkenyl 
halide 


M Cul, Pd catalyst mE Ес 
H———H + =. Вазе (an amine). R= N ) 


Aryl 
halide 


Specific Example 


Cul, Pd(PhgP) HO ~ 
ae es 
Et,NH, 25°C N 
\ = пир 5 p 
4 
Review Problem G.7 Provide the products of each of the following reactions. 
(a) OH 
Br 
— H+ Cul, Pd catalyst 
6 Base (an amine) 
(b) HCO 
/ N EN / E Cul, Pd catalyst 
J; a 
4 = + | E CO2CH3 Base (an amine) 
Review Problem G.8 What starting materials could be used to synthesize each of the following compounds by 


a "а al coupling reaction? 


TT za 


G.2 Olefin Metathesis: Ruthenium Carbene 
Complexes and Grubbs' Catalysts 
Pairs of alkene double bonds can trade ends with each other in a remarkable molecular 


“dance” called olefin metathesis (meta, Greek: to change; thesis, Greek: position). 
The overall reaction is the following. 


jel BE x 
"Zu" 


: — 


[M]= represents a ruthenium 
alkylidene complex 


G.2 Olefin Metathesis: Ruthenium Carbene Complexes and Grubbs' Catalysts G-6 


The generally accepted catalytic cycle for this "change partners" dance was proposed by 
Yves Chauvin and is believed to involve metallocyclobutane intermediates that result from 
reaction of metal alkylidenes (also called metal carbenes) with alkenes. The catalysts them- 
selves are metal alkylidenes, in fact. Chauvin's catalytic cycle for olefin metathesis is sum- 
marized here. 


= м— — 
Ri Ro 


Ry 
Alkene 1 Product 


| J | L 


Alkene 2 


Richard Schrock investigated the properties of some of the first catalysts for olefin 
metathesis. His work included catalysts prepared from tantalum, titanium, and molybde- 
num. The catalysts predominantly in use today, however, are ruthenium catalysts developed 
by Robert Grubbs, Grubbs’ so-called first generation and second generation catalysts are 


shown here. 
N N 
In, \ Um m H 
CI PUSA H Pis 
РСуз Ph Ph 
CI ya CI PCy; 
Су = cyclohexyl 
Grubbs, 1995 Grubbs, 1999 
First generation Grubbs catalyst — Second generation Grubbs catalyst 
(commercially available) (commercially available) 


Prize in Chemistry was awarded to Chauvin, Grubbs, and Shrock for their work in this area. 
One example is ring-closing olefin metathesis as applied to synthesis of the anticancer agent 
epothilone B by Sinha, shown below. 


Olefin metathesis has proved to be such a powerful tool for synthesis that the 2005 Nobel N 2005 Nobel Prize 


G-7 


R = CH,OMOM 
[mixture of (Z) and (E, Z) dienes] 


Review Problem G.9 
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Grubbs 1999 second 
generation catalyst 


Epothilone B 


Another example is ring-opening olefin metathesis polymerization (ROMP), as can be used 
for synthesis of polybutadiene from 1,5-cyclooctadiene. 


What products would form when each of the following compounds is treated with 
(PCy3)2ClpRU==CHPh, one of Grubbs’ catalysts? 


(9 Ox LOL. Gills (b) OTBDMS 


| H 
"E 


(c) o^ A (d о 
SU q^ 


O N 


~“ 


CeHs 


d 
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G.3 The Corey-Posner, Whitesides-House Reaction: Use of Lithium Dialkyl 
Cuprates (Gilman Reagents) in Coupling Reactions 


The Corey-Posner, Whitesides-House reaction involves the coupling of a lithium dialkyl- 
cuprate (called a Gilman reagent) with an alkyl, alkenyl, or aryl halide. The alkyl group of 
the lithium dialkylcuprate reagent may be primary, secondary, or tertiary. However, the 
halide with which the Gilman reagent couples must be a primary or cyclic secondary alkyl 
halide if it is not alkenyl or aryl. 


General Reaction 


R;CuLi + R’—X —-> R—R’ + RCu + LiX 
A lithium dialkyl Alkenyl, aryl, 
cuprate (a Gilman or 1° or cyclic 

reagent) 2° alkyl halide 


Specific Example 


| CH3 
(СНај;Сиц + Cy — CY + CH,Cu + Lil 


Lithium 75% 
dimethylcuprate 


The required lithium dimethylcuprate (Gilman) reagent must be synthesized by a two-step 
process from the corresponding alkyl halide, as follows. 


Synthesis of an 


2Li 
organolithium R—X > R—Li + LiX 
compound 
Synthesis of the Cul 


lithium dialkylcuprate 2R—Li | R CuLi + Lil 
(Gilman) reagent 


All of the reagents in a Corey—Posner, Whitesides-House reaction are consumed stoichio- 
metrically. The mechanism does not involve a catalyst, as in the other reactions of transi- 
tion metals that we have studied. 


Show how 1-bromobutane could be converted to the Gilman reagent lithium dibutylcuprate, Review Problem G.10 
and how you could use it to synthesize each of the following compounds. 


G.4 Some Background on Transition Metal Elements and Complexes 


Now that we have seen examples of some important reactions involving transition metals, 
we consider aspects of the electronic structure of the metals and their complexes. 
Transition metals are defined as those elements that have partly filled а (or f) shells, either 
in the elemental state or in their important compounds. The transition metals that are of 
most concern to organic chemists are those shown in the green and yellow portion of the 
periodic table given in Fig. G.1, which include those whose reactions we have just discussed. 
Transition metals react with a variety of molecules or groups, called ligands, to form 
transition metal complexes. In forming a complex, the ligands donate electrons to vacant 
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МА 


ЗЛИВ |4/IVB SVB  6NIB 7мив 8/VI 10/VIIB 11/8 


Periods 


Valence electrons 


Figure G.1 Important transition elements are shown in the green and yellow portion of the periodic 
table. Given across the bottom is the total number of valence electrons (s and d) of each element. 


orbitals of the metal. The bonds between the ligand and the metal range from very weak 
to very strong. The bonds are covalent but often have considerable polar character. 

Transition metal complexes can assume a variety of geometries depending on the metal 
and on the number of ligands around it. Rhodium, for example, can form complexes with 
four ligands in a configuration called square planar. On the other hand, rhodium can form 
complexes with five or six ligands that are trigonal bipyramidal or octahedral. These typi- 
cal shapes are shown below, with the letter L used to indicate a ligand. 


L L | 
Lu, aL Li, | | = 
„ВА .Rh—L L—Rh—L 
~. L* | 4 | 
L L L 
Square planar Trigonal bipyramidal Octahedral 
rhodium complex rhodium complex rhodium complex 


G.5 Electron Counting in Metal Complexes 


Transition metals are like the elements that we have studied earlier in that they are most 
stable when they have the electronic configuration of a noble gas. In addition to s and p 
orbitals, transition metals have five d orbitals (which can hold a total of 10 electrons). 
Therefore, the noble gas configuration for a transition metal is 78 electrons, not 8 as with 
carbon, nitrogen, oxygen, and so on. When the metal of a transition metal complex has 18 
valence electrons, it is said to be coordinatively saturated.* 


*We do not usually show the unshared electron pairs of a metal complex in our structures, because to do so 
would make the structure unnecessarily complicated. 
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To determine the valence electron count of a transition metal in a complex, we take the 
total number of valence electrons of the metal in the elemental state (see Fig. G.1) and sub- 
tract from this number the oxidation state of the metal in the complex. This gives us what 
is called the d electron count, d". The oxidation state of the metal is the charge that would 
be left on the metal if all the ligands (Table G.1) were removed. 


d'= total number of valence electrons _ oxidation state of 
of the elemental metal the metal in the complex 


Then to get the total valence electron count of the metal in the complex, we add to d” the 
number of electrons donated by all of the ligands. Table G.1 gives the number of electrons 
donated by several of the most common ligands. 


total number of valence electrons _ gn , electrons donated 
of the metal in the complex by ligands 


Let us now work out the valence electron count of two examples. 


CTID Common Ligands in Transition Metal Complexes? 


Number of Electrons 


Ligand Count as Donated 
Negatively charged ligands 
Hydride, H H 2 
Alkanide, R R: 2 
Halide, X Х 2 
Allyl anion 4 


«2 
Cyclopentadienyl anion, Ср 6 


Electrically neutral ligands 


Carbonyl (carbon monoxide) :C=O: 2 

Phosphine ВАР: or РҺР: 2 

Alkene Nec 2 
РА n3 


Diene I \ 4 


Benzene g 6 


?Used with permission from the Journal of Chemical Education, Vol. 57, No. 1, 1980, pp. 170-175, 
copyright O 1980, Division of Chemical Education. 


Example A Consider iron pentacarbonyl, Fe(CO)s, a toxic liquid that forms when finely 
divided iron reacts with carbon monoxide. 


Fe + 5CO — Fe(CO); ог ,Fe—CO 


Iron pentacarbonyl 


From Fig. G.1 we find that an iron atom in the elemental state has 8 valence electrons. 
We arrive at the oxidation state of iron in iron pentacarbonyl by noting that the charge on 
the complex as a whole is zero (it is not an ion), and that the charge on each CO ligand is 
also zero. Therefore, the iron is in the zero oxidation state. 
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Using these numbers, we can now calculate d" and, from it, the total number of valence 
electrons of the iron in the complex. 


0" =8- 0 = 8 


total numberof _ d^ + 5(CO) = 8 + 5(2) = 18 
valence electrons 


We find that the iron of Fe(CO)s has 18 valence electrons and is, therefore, coordina- 
tively saturated. 


Example B Consider the rhodium complex Rh[(CgHs)3P]3H2Cl, a complex that, as we 
shall see later, is an intermediate in certain alkene hydrogenations. 


H 
Са, | st 

2 ja L = Ph,P [i.e., (C,H,)3P] 
L Cl H 


The oxidation state of rhodium in the complex is +3. [The two hydrogen atoms and the 
chlorine are each counted as —1 (hydride and chloride, respectively), and the charge on 
each of the triphenylphosphine ligands is zero. Removing all the ligands would leave a Rh?* 
ion.] From Fig. G.1 we find that, in the elemental state, rhodium has 9 valence electrons. 
We can now calculate а" for the rhodium of the complex. 


d^-9—3-6 
Each of the six ligands of the complex donates two electrons to the rhodium in the com- 


plex, and, therefore, the total number of valence electrons of the rhodium is 18. The rhodium 
of Rh[(CgHs)3P]sH2CI is coordinatively saturated. 


total number of valence _ gn , 6(2) = 6 + 12 = 18 
electrons rhodium 


G.6 Mechanistic Steps in the Reactions 
of Some Transition Metal Complexes 


Much of the chemistry of organic transition metal compounds becomes more understand- 
able if we are able to follow the mechanisms of the reactions that occur. These mechanisms, 
in most cases, amount to nothing more than a sequence of reactions, each of which repre- 
sents a fundamental reaction type that is characteristic of a transition metal complex. Let 
us examine three of the fundamental reaction types now. In each instance we shall use steps 
that occur when an alkene is hydrogenated using a catalyst called Wilkinson's catalyst. In 
Section G.7 we shall examine the entire hydrogenation mechanism. In Section G.8 we shall 
see how similar types of steps are involved in the Heck-Mizokori reaction. 


1. Ligand Dissociation-Association (Ligand Exchange). A transition metal complex 
can lose a ligand (by dissociation) and combine with another ligand (by association). 
In the process it undergoes ligand exchange. For example, the rhodium complex that 
we encountered in Example B above can react with an alkene (in this example, with 
ethene) as follows: 


L = Ph,P [i.e., (C,H,),P] 
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Two steps are actually involved. In the first step, one of the triphenylphosphine lig- 
ands dissociates. This leads to a complex in which the rhodium has only 16 elec- 
trons and is, therefore, coordinatively unsaturated. 


H H 
L lm, | КУ L L ^y, 
RA == ВАН +L 
1 | “н we | 
СІ СІ 
(18 electrons) (16 electrons) 
L = Ph,P 


In the second step, the rhodium associates with the alkene to become coordina- 
tively saturated again. 


H H,C==CH, 
L ^y, | L СА КУ H 
“Rh—H + H;0—CH, === Аһ 
v | im | Хо 
Cl H 
(16 electrons) (18 electrons) 


The complex between the rhodium and the alkene is called a 7 complex. In it, two 
electrons are donated by the alkene to the rhodium. Alkenes are often called 7 
donors to distinguish them from ø donors such as Ph3P:, СІ, and so on. 

In a 7 complex such as the one just given, there is also a donation of electrons 
from a populated d orbital of the metal back to the vacant т“ orbital of the alkene. 
This kind of donation is called “back-bonding.” 


2. Insertion-Deinsertion. An unsaturated ligand such as an alkene can undergo inser- 
tion into a bond between the metal of a complex and a hydrogen or a carbon. These 
reactions are reversible, and the reverse reaction is called deinsertion. 

The following is an example of insertion-deinsertion. 


H,C==CH, а a 
L, l "^ serion bæn | ? di 
С a insertion СА 


"Bh TE 

~“ | Ne deinsertion Ld |" CBs 
H H 

(18 electrons) (16 electrons) 


In this process, a т bond (between the rhodium and the alkene) and a с bond 
(between the rhodium and the hydrogen) are exchanged for two new с bonds 
(between rhodium and carbon, and between carbon and hydrogen). The valence 
electron count of the rhodium decreases from 18 to 16. 

This insertion-deinsertion occurs in a stereospecific way, as a syn addition of 
the M—H unit to the alkene. 


Mm iu a’ > 
— “T Сх С—С 
M —H M H 


3. Oxidative Addition-Reductive Elimination. Coordinatively unsaturated metal com- 
plexes can undergo oxidative addition of a variety of substrates in the following way.* 


At yw " " ag: | 
Min, oe oxidative addition ^. 
A—B = М 


D » 


*Coordinatively saturated complexes also undergo oxidative addition. 


G-13 Special Topic G Carbon-Carbon Bond-Forming and Other Reactions 


The substrate, A— B, can be H—H, H—X, R—X, RCO—H, RCO—X, and a 
number of other compounds. 

In this type of oxidative addition, the metal of the complex undergoes an 
increase in the number of its valence electrons and in its oxidation state. Consider, 
as an example, the oxidative addition of hydrogen to the rhodium complex that 
follows (L = PhsP). 


H 
Lin, n "eR oxidative addition bu, lon 
Ez P Wee eee Be ee 
та No reductive elimination Td | b 
CI 
(16electrons) (18electrons) 
Rhisin +1 Rh isin +3 


oxidation state. oxidation state. 
Reductive elimination is the reverse of oxidative addition. With this background, 
we are now in a position to examine the mechanisms of two applications of transi- 
tion metal complexes in organic synthesis. 


G.7 The Mechanism for a Homogeneous 
Hydrogenation: Wilkinson's Catalyst 


The catalytic hydrogenations that we have examined in prior chapters have been hetero- 
geneous processes. Two phases were involved: the solid phase of the catalyst (Pt, Pd, Ni, 
etc.), containing the adsorbed hydrogen, and the liquid phase of the solution, containing 
the unsaturated compound. In homogeneous hydrogenation using a transition metal com- 
plex such as Rh[(CgHs)3P]3Cl (Wilkinson’s catalyst), hydrogenation takes place in а sin- 
gle phase, i.e., in solution. 

When Wilkinson's catalyst is used to carry out the hydrogenation of an alkene, the fol- 
lowing steps take place (L = PhP). 


Step 1 
H 
L MN, NJ L L ^n | SN 
С E i ER Oxidative 
Rh + H—H — Rh ue 
CI 
16 valence electrons 18 valence electrons 
Step 2 
H H 
La, | sL Ly, | — 
C Me EE igan 
Td ic Td |" uod dissociation 
H 


18 valence electrons 16 valence electrons 


G.7 The Mechanism for a Homogeneous Hydrogenation: Wilkinson's Catalyst 


Step 3 
H H.C CH, 
L ln, | L ^t, ws H 
^Rh—H + H,C=—=CH, === SRA Ligand 
~“ | i : Ld | ~ CI association 
CI H 
16 valence electrons 18 valence electrons 
Step 4 
H;C CH; Cl CH, 
L “ny, H L Uy, | РА 
Ви = ^Rh— CH; Insertion 
Td | Noi Td | 
H H 
18 valence electrons 16 valence electrons 
Step 5 
CI 
L Mn, | " Hs L ^, R d ti 
(А Min, eductive 
-Rh—CH, == Rh—Cl + H,C——CH, eee 
elimination 
H 
16 valence electrons 14 valence electrons 
Step 6 
H 
L Wn, L СА | . . 
“Rh—CI + H, == "^^ Rh—H Oxidative 
~“ : ~“ | addition 
Cl 
14 valence electrons 16 valence electrons 


(Cycle repeats from step 3.) 


Step 6 regenerates the hydrogen-bearing rhodium complex and reaction with another 
molecule of the alkene begins at step 3. 

Because the insertion step 4 and the reductive elimination step 5 are stereospecific, the 
net result of the hydrogenation using Wilkinson’s catalyst is a syn addition of hydrogen to 
the alkene. The following example (with D» in place of Hs) illustrates this aspect. 


H H H H 
%, = Rh(Ph;P),CI EtO.C a PACOsSEt 
= + D > 2 2 
2 
ЕОС ССЕ! 25 
A cis-alkene A meso compound 


(diethyl maleate) 


What product (or products) would be formed if the trans-alkene corresponding to the cis- 
alkene (see the previous reaction) had been hydrogenated with Do and Wilkinson's catalyst? 


G-14 


Review Problem G.11 


G-15 Special Topic G Carbon-Carbon Bond-Forming and Other Reactions 
THE CHEMISTRY OF... 


Homogeneous Asymmetric Catalytic Hydrogenation: Examples Involving 
L-DOPA, (S)-Naproxen, and Aspartame 


Development by Geoffrey Wilkinson of a soluble catalyst for 
hydrogenation [tris(triphenylphosphine)rhodium chloride, 
Section 7.13 and Special Topic G] led to Wilkinson's earn- 
ing a share of the 1973 Nobel Prize in Chemistry. His initial 
discovery, while at Imperial College, University of London, 
inspired many other researchers to create novel catalysts 
based on the Wilkinson catalyst. Some of these researchers 
were themselves recognized by the 2001 Nobel Prize in 
Chemistry, 5096 of which was awarded to William S. Knowles 
(Monsanto Corporation, retired) and Ryoji Noyori (Nagoya 


Asymmetric Synthesis of -DOPA 
H,CO COOH 
3 E H, (100%) у 
МНАс [(Rh(,R)-DIPAMP)COD]'EF, (cat.) 
AcO 


| 
Ac =CH,C— 


"uo Vou 
E H,CO 


(R,R)-DIPAMP 


(Chiral ligand for rhodium) 


University). (The other half of the 2001 prize was awarded 
to K. B. Sharpless for asymmetric oxidation reactions. See 
Chapter 8.) Knowles, Noyori, and others developed chiral 
catalysts for homogeneous hydrogenation that have proved 
extraordinarily useful for enantioselective syntheses ranging 
from small laboratory-scale reactions to industrial- (ton-) 
scale reactions. An important example is the method devel- 
oped by Knowles and co-workers at Monsanto Corporation 
for synthesis of L-DOPA, a compound used in the treatment 
of Parkinson's disease: 


H,CO COOH |, HO COOH 
ОЈ fw Aum ХУ S 
AcO HO 


(10076 yield, 


95% ee [enantiomeric excess]) 


COD = 
1,5-Cyclooctadiene 


Another example is synthesis of the over-the-counter analgesic naproxen using a BINAP rhodium catalyst developed by 


Noyori (Sections 5.11 and 5.18). 


Asymmetric Synthesis of (S)-Naproxen 


CH, 
-BINAP-Ru(OCOCH. 
CY UEM i T zz s 
+ H, > 
MeOH 
H,CO H,CO 


(S)-Naproxen 
(an anti-inflammatory agent) 
(92% yield, 97% ee) 


eb P(Ph, — (PhP Av 


2.. 


OUO "СС 


(S)-BINAP 


(R)-BINAP 


(S)-BINAP and (R)-BINAP are chiral atropisomers 
(see Section 5.18). 


G.8 The Mechanism for an Example of Cross-Coupling: The Heck-Mizokori Reaction 


Catalysts like these are important for asymmetric chem- 


ical synthesis of amino acids (Section 24.3D), as well. A final 


example is the synthesis of (S)-phenylalanine methyl ester, 


G-16 


a compound used in the synthesis of the artificial sweetener 
aspartame. This preparation employs yet a different chiral 
ligand for the rhodium catalyst. 


Asymmetric Synthesis of Aspartame 
1) (R,R)-PNNP-Rh(|) (cat.), Н, 


COOH (83% ee) (catalytic asymmetric COOCH 
S hydrogenation) " E Е 
NHAc (2) MeOH, HA d NH, 


(S)-phenylalanine methyl ester 


PR N < 7 d (97% ee after recrystallization) 
H.C \ / CH ye 
(Ph),P: :P(Ph), 3 
(8,8)-РММР 


(Chiral ligand for rhodium) 


ran 
је соон 
Jk 
(S)-aspartic acid 


H NH, 


n A 
COOCH, 


Aspartame 


COOH 


The mechanism of homogeneous catalytic hydrogenation 
involves reactions characteristic of transition metal 
organometallic compounds. A general scheme for hydro- 


genation using Wilkinson's catalyst is shown here. We have 
seen structural details of the mechanism in Section G.7. 


) 1 NL 
CIK(C H3); PI Rh(H); 
2 CI[(C4H,) ји 


НА. Seo T 


G.8 The Mechanism for an Example of Cross-Coupling: 
The Heck-Mizokori Reaction 


CI((C H3); P], Rh H, 


CI(C,H,),PIjRh EHP, 


A general mechanism for the Wilkinson catalytic 
hydrogenation method, adapted with permission 
of John Wiley & Sons, Inc. from Noyori, 
Asymmetric Catalysis in Organic Synthesis, p. 17. 
Copyright 1994. 


Having seen steps such as oxidative addition, insertion, and reductive elimination in the 
context of transition metal-catalyzed hydrogenation using Wilkinson’s catalyst, we can now 
see how these same types of mechanistic steps are involved in a mechanism proposed for 
the Heck—Mizokori reaction. Aspects of the Heck-Mizokori mechanism are similar to steps 
proposed for other cross-coupling reactions as well, although there are variations and cer- 
tain steps that are specific to each, and not all of the steps below are involved or serve the 
same purpose in other cross-coupling reactions. 
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A MECHANISM FOR THE REACTION 


The Heck-Mizokori Reaction Using an Aryl Halide Substrate 
GENERAL REACTION 
[eae EE 27р Pd catalyst о 


Base (an amine) 


MECHANISM 
Pd(L)4 
S (L = ligand, 
2L | бо, PhoP) 
base—HX Ar—X 
Reductive elimination Pd(L)o Oxidative addition 
(regenerates catalyst) Coordinatively (incorporates halide reactant) 
base unsaturated 
catalyst 
H—Pd(L)e—X Ar—Pd(L)o—X 
Ar и 
= N 
R R Alkene insertion 
AR (incorporates alkenyl reactant, 
| aoe a forms new C—C bond) 
orms the product as 
a trans alkene) A EIE Ar PND 
" 7 << " w 
arf Su H PAS H 
H R C—C bond H R 
rotation 


G.9 Vitamin B42: A Transition Metal Biomolecule 


The discovery (in 1926) that pernicious anemia can be overcome by the ingestion of large 
amounts of liver led ultimately to the isolation (in 1948) of the curative factor, called vit- 
amin Ву. The complete three-dimensional structure of vitamin В | [Fig. G.2(a)] was elu- 
cidated in 1956 through the X-ray studies of Dorothy Hodgkin (Nobel Prize, 1964), and in 
1972 the synthesis of this complicated molecule was announced by R. B. Woodward 
(Harvard University) and A. Eschenmoser (Swiss Federal Institute of Technology). The 
synthesis took 11 years and involved more than 90 separate reactions. One hundred co- 
workers took part in the project. 

Vitamin Bj, is the only known biomolecule that possesses a carbon—metal bond. In the 
stable commercial form of the vitamin, a cyano group is bonded to the cobalt, and the cobalt 
is in the +3 oxidation state. The core of the vitamin Ву; molecule is a corrin ring 
[Fig. G.2(b)] with various attached side groups. The corrin ring consists of four pyrrole 
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subunits, the nitrogen of each of which is coordinated to the central cobalt. The sixth lig- 
and [(below the corrin ring in Fig. G.2(a)] is a nitrogen of a heterocyclic group derived 
from 5,6-dimethylbenzimidazole. 

The cobalt of vitamin В} can be reduced to a +2 or a +1 oxidation state. When the 
cobalt is in the +1 oxidation state, vitamin B42 (called B125) becomes one of the most pow- 
erful nucleophiles known, being more nucleophilic than methanol by a factor of 10", 

Acting as a nucleophile, vitamin В 2; reacts with adenosine triphosphate (Fig. 22.2) to 
yield the biologically active form of the vitamin [Fig. G.2(c)]. 


A carbon-cobalt 
с bond 


(a) (b) (c) 


Figure G.2 (a) The structure of vitamin B42. In the commercial form of the vitamin (cyanocobalamin), R=CN. (b) The corrin ring 
system. (с) In the biologically active form of the vitamin (5'-deoxyadenosylcobalamin), the 5’ carbon atom of 5'-deoxyadenosine is 
coordinated to the cobalt atom. For the structure of adenine, see Section 25.2. 
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п 2 = І 
-C-N -CEN Di 
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-C- OR » ce 
0 i С=С, -CEC- -CH 
-C-R,H -C- OH 7 g 3 
220 200 180 160 140 120 100 80 60 40 20 0 
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| TaBLE 9.2 | =~ ) Approximate Carbon-13 Chemical Shifts 


Type of Carbon Atom Chemical Shift (6, ppm) 

1° Alkyl, RCH3 0-40 

2° Alkyl, RCH2R 10-50 

3° Alkyl, RCHR2 | | 15-50 

Alkyl halide or amine, CE (x- Cl, Br, or v) 10-65 

Alcohol or ether, E dd 50-90 

Alkyne, — cz 60-90 
X 

Alkene, C= 100-170 
/ 

Aryl, ( ( | 100–170 

Nitrile, —C=N 120-130 

| | 
Amide, —-C—N— 150-180 
1 
Carboxylic acid or ester, —-C—O— 160-185 


Ц 
Aldehyde ог ketone, —C— 182-215 


1 5 ) Approximate Proton Chemical Shifts 


Type of Proton 


1° Alkyl, RCH3 
2° Alkyl, RCH2R 

3° Alkyl, R3CH 

Allylic, Вус=<—СНа 


| 
R 


Ketone, RCCHs 
|| 


Benzylic, ArCH3 
Acetylenic, RC CH 
Alkyl iodide, RCH2I 
Ether, ROCH;R 
Alcohol, HOCH2R 


?The chemical shifts of these protons vary in different solvents and with temperature and concentration. 


Chemical Shift (6, ppm) 


0.8-1.2 
1.2-1.5 
1.4-1.8 
1.6-1.9 


2.1-2.6 


2.2-2.5 
2.5-3.1 
3.1-3.3 
3.3-3.9 
3.3-4.0 


Type of Proton 


Alkyl bromide, RCH2Br 
Alkyl chloride, RCH3CI 
Vinylic, RoC" CH2 
Vinylic, ne 


R 


Aromatic, ArH 
Aldehyde, RCH 


|| 

О 
Alcohol hydroxyl, КОН 
Amino, R9 NH; 
Phenolic, ArOH 
Carboxylic, RN 


Chemical Shift (ô, ppm) 


3.4-3.6 
3.6-3.8 
4.6-5.0 
5.2-5.7 


6.0-8.5 
9.5-10.5 


0.5-6.0? 
1.0-5.0? 
4.5-7.7? 

10-13? 


